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Summary
In view of projected limitations on the availability of refined liquid fuels and the global 
increase in pollution from engines, there is an encouragement to researchers to look 
into other possible alternative fuels. Proven reserves of natural gas (NG) have been 
exploited in the past few years and, at the same time, there has been an increasing 
awareness worldwide of the resources available in other gaseous forms such as sewage 
gas, landfill gas and biogas. This has reactivated interest in the efficient operation of 
conventional internal combustion engines on gaseous fuels.
Development of the gas-fuelled engine has a long histoiy. The ad hoc nature of earlier 
applications did not create an adequate understanding of the combustion processes 
involved. There has recently been a revival, mainly as a result of small scale CHP. 
The dual-fuel engine, using liquid fuel in pilot injection to create conditions for 
ignition, involves more complex combustion conditions than the spark-ignited engine. 
Increasingly strict limits in many countries on pollutants from engines, especially 
particulates from diesel engines, have encouraged research into other possible benefits 
of alternative fuels. Stationary power plant would be the most obvious potential 
application as the large bulk of the storage required by gases is not usually a problem.
The present research work concerns the use of gaseous fuels of varying quality 
representing a range of composition which may be encountered in gas from different 
sources. The total programme includes the effects of the quality, expressed as methane 
content, of the gaseous fuel and of the proportion of the pilot fuel injection over a range 
of speeds and loads, investigations into the performance parameters over a range of 
composition of gaseous mixture. A pair of 2-cylinder stationary type diesel engines, 
indirect and direct injection versions of the Lister Fetter Alpha series, were used as the 
experimental facility for this work. The variation of quality was provided by mixing 
natural gas and carbon dioxide (CO2).
Successful dual-fuel operation was carried out at two typical engine speeds - 2000 
rev/min and 2800 rev/min and load 40 Nm (i.e. up to about 90% rated power) - for 
varying proportions of NG and CO2. Maximum NG substitution achieved in the IDI 
diesel engine was 60% and in the DI engine it was 80% and maximum CO2 added in 
the gas mixture was up to 67%, all limited by knock. CO increased with increase in 
NG substitution in both the engines but was not much affected by CO2 increase in the 
gas mixture. Peak pressure was affected by NG substitution in both the engines and 
sharper peaks were observed with addition in the gas mixture.
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Chapter 1
Introduction
The petroleum-based fuels, which have played a great role in improving the economy of 
the World, are finite and reserves are diminishing. The oil crises of 1970s provided the 
developed world with the motivation necessary to explore the possibilities offered by 
various alternative fuels. In addition, the developing nations are also interested in such 
alternative fuels to be self-sufficient and hence reducing the enormous cost burden they 
face by importing crude or refined petroleum products.
Gaseous fuels are getting more positive response from researchers and end-users 
compared to other alternative fuels because of current unfolding developments. The 
first development of importance is certainly the issue of the 1990s - the environment. 
Gas is clearly the fossil fuel of least environmental impact. When burnt, it produces 
relatively less NOx and SOx, the main constituents of acid rain, and substantially less 
CO2, a key culprit in the greenhouse debate, than most oil products and coal.
Nuclear Power, the major non-fossil fuel competitor to natural gas, is in most countries 
running into increasing public resistance, particularly in the aftermath of Chernobyl. 
Some existing nuclear stations have been closed and already at least one - the Midland 
Power Station in Ohio - has been converted to gas. Undoubtedly, nuclear power will 
make a come-back as the public become convinced that safety standards have improved 
and technology of waste disposal is seen to resolve the problems. This is likely to take 
some years quite apart from the lead times involved in planning and building new plants. 
Equally, renewable forms of energy such as wind and hydro power are unlikely to pose 
a competitive threat to natural gas on any scale until well into the next century or where 
local climate and terrain is suitable to be exploited.
The second unfolding development is driven by technology. There has been a steady 
increase in the use of alternative transportation fuels shown in Fig 1.1. The focus of 
this research is on the gaseous fuels only. Use of natural gas for power generation in 
combined cycle plant has led combined fuel efficiency close to 90% while it is only 
40% from state-of-the-art coal or oil fired power plants which also require 
desulphurisation. Another increased use of natural gas is for vehicles driven by internal
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combustion engines, undoubtedly because of increase in number of vehicles and the 
resulting pollution especially in urban areas. The various factors (1) contributing to 
projected demand of natural gas are shown in Fig 12. The upper four cases pertain to 
"High" growth case while lower two cases pertain to "Low" growth case.
WATER
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CNG
BIOMASS ETHANOL
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Fig 1.1 Alternative transportation fuels
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Natural gas vehicles (NGV) (2) were first used in Italy over 50 years ago, when Po 
Valley gas was plentiful. Compressed Natural Gas (CNG) was even used in farm 
tractors that had long, sloping cylinders alongside their engines, making them look like 
early railway engines. New Zealand captured the headlines in the 1980s, when the 
government subsidised conversions to maximise the use of indigenous gas and reduce 
petroleum imports. Canada became an important user at the same time, the initial 
marketing success being assisted by government subsidies and the cheapness of gas. 
Fig 1.3 shows the world gas consumption (1) in 1989 and Table 1.1 gives a list of 
countries (3) worldwide using NGVs.
USA 603
USSR 659
26%35%
4% Canada & Mexico
13%ElTs and Other '  
Communist Areas 
108
6% Western Europe 
24610% 6%
Rest ot World Asia & Australasia
185 113
Fig 1.3 World gas consumption 1989 (Mrd )
Table 1.1 List of countries using NGVs in 1993
Country Vehicles Filling Stations
CIS 470,000 360
Italy >300,000 276
Argentina 214,00 402
New Zealand 110,000 150
Canada 55,000 328
USA >40,000 700
China 10,000 7
Colombia 2,000 ?
Iran 800 1
Brazil 700 7
Australia 626 10
Indonesia 500 5
Pakistan 270 1
Trindad 250 . 2
M K Makkar. PhD Thesis. Aprill997.
Chapter 1. Introduction.
In recent years, legislation aimed at reducing urban pollution has forced vehicle 
manufacturers and users to examine the cheapest ways of satisfying ever-stricter 
regulations. Many have found that CNG engines provide the cheapest and most reliable 
solution for vehicles. In the USA, Detroit’s three big automakers and diesel engine 
producers such as Cummins Engine Co. of Columbus, Ind. and Detroit Diesel Corp. of 
Detroit, also have research programmes (2) to develop and produce natural gas based 
engines. Cummins is producing dual-fuel (CNG & diesel) engines equipped with 
turbochargers and intercoolers to get optimum power and torque. Detroit Diesel has 
also developed the engines suited for use in fleet vehicles, including buses, pick-up and 
deliveiy trucks and refuse vehicles, which return to a common refuelling station.
The analysis of gaseous fuels from various sources like natural gas, biogas, landfill and 
sewage gas reyeals that the main constituent contributing to the heating value of the fuel 
is methane. The author regards it as a significant research achievement to obtain the 
relationship of straight diesel efficiency with that of dual-fuel engines for a range of 
simulated gas proportions. The author belonging to a developing country, India, is 
interested in the possibility of tapping the energy from the various resources like natural 
gas, biogas, landfill and sewage gas through small stationary dual-fuel engines for 
irrigation and CHP applications. In India, there are 0.14 million biogas plants (4) 
generating biogas having a fair proportion of combustible gas (50-60% methane) which 
has a heating value of approximately 23 MJ/m^. Being the world’s second largest 
populated country the increasing social pressure on having more land for housing has 
given rise to a need to exploit also the landfilled areas and sewage gas plants for CHP 
applications.
1.1 Methods employed to use gaseous fuels in Internal 
Combustion Engines
Most road vehicles and power gensets use Internal Combustion Engines which are 
4-stroke models, operating in this manner: a piston descends in a cylinder and draws air 
in through the inlet valve(s) (induction stroke). The piston then rises and compresses 
the air (compression stroke). Fuel is mixed with the incoming air or is injected into the 
cylinder and is ignited when the piston is near the top of its stroke. The fuel bums and 
raises the temperature and pressure of the burnt gases, driving the piston down (power 
stroke). The piston rises and drives the burned gases out through the exhaust valve(s) 
during the fourth (exhaust) stroke.
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The compression ratio of an engine is the volume of air in the cylinder at the end of 
induction stroke divided by that at the end of the compression stroke. The maximum 
power developed by the engine depends greatly on the compression ratio - the higher 
the compression ratio, the greater is the power. The air gets hot when compressed 
during the compression stroke, and the rise in temperature affects the operation 
significantly. A diesel engine has a high compression ratio, and the rise in temperature 
is sufficient to ignite its fuel. The Otto or spark-ignition engine has a lower 
compression ratio and uses a spark plug to ignite the fuel.
The fuel for a spark ignition engine is designed not to ignite spontaneously when the 
temperature rises during the compression stroke. Its ability to resist auto-ignition (often 
called "knock resistance") is expressed as its octane rating. Natural gas has a much 
higher octane rating than gasoline, so gas engines can have higher compression ratios. 
Some companies prefer to rate the knock resistance of gaseous fuels by comparing 
them with pure methane - their methane ratings.
The fuel for an Otto engine is usually mixed with the air before or as entering the 
cylinders. In diesel engines the fuel is injected into each cylinder when the piston is near 
the top of its compression stroke. Natural gas cannot be used by itself in a diesel 
engine, since its ignition temperature is very high. A small proportion of diesel fuel is 
injected into the cylinder and it ignites and acts as a pilot energy source to ignite the gas.
The power of an engine is affected greatly by the amount of air that is drawn into each 
cylinder during the induction stroke, since the amount of air determines how much fuel 
can be burned. If the fuel is bulky, there will be less space in the cylinder for air and the 
engine power will be reduced. Gas is much bulkier than the vapour or spray from 
gasoline, so that the power output of a gas engine is normally lower than that of a 
gasoline engine of similar size. The deficit can be overcome by using a supercharger to 
compress the air supply and increase the mass of air drawn in during the induction 
stroke, but that increases the cost and complexity of the engine. At low loads the 
efficiency of spark-ignition engines is reduced by the necessity to throttle the charge.
1.1.1 The Gas-Otto Engine
The modification of an Otto engine is comparatively easy as the engine is designed to 
operate on air/fuel mixture with spark ignition. The basic modification is the provision 
of a gas-air mixer instead of the carburettor. The engine control is performed by the 
variation of mixture supply i.e. throttle valve position as has been the case with petrol
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fuel. Otto engines converted to natural gas show a power decrease of 15-20% attributed 
to a decrease in volumetric efficiency because of the gaseous fuel and the lower flame 
speed of air-gas mixture compared with air-gasoline mixtures. This power loss can be 
decreased to some extent by utilising the higher compression ratio possible with gas and 
advancement in spark timing. Now with the establishment of various techniques there is 
a preference for dedicated natural gas engines as, with bi-fuel (option for gasoline or 
natural gas) engines, the system is heavier compared with one dedicated to either fuel. 
Higher fuel consumption results from the heavier power units when used in a vehicle. 
In stationary applications this loss of power is less important as they are mainly run at 
full load. Fuel injection into the cylinder is used in certain types of large gas-otto 
engines with pressurised metered gas injection systems. This can provide stratified 
charge operation as in the two-stroke Jenbacher CHP plant
1.1.2 The gas-diesel or dual-fiiel engine
In dual-fuel operation the normal diesel fuel injection system still supplies a certain 
amount of diesel fuel. The engine however induces and compresses a mixture of air and 
fuel gas which has been prepared in the external mixing device. The mixture is then 
ignited by energy from the combustion of the diesel fuel sprayed in. The diesel fuel 
spray is termed as pilot fuel. The amount of diesel fuel needed for sufficient ignition is 
between 10-2 0 % of the amount needed for operation on diesel alone at normal working 
loads. It differs with the point of operation and engine design parameters.
Operation of the engine at partial load requires a reduction of the fuel gas supply by 
means of a gas control valve. The valve can be operated manually or automatically, using 
a mechanical or electronic system. A simultaneous reduction of the air supply would, 
however, decrease the quantity induced hence the compression pressure and the mean 
effective pressure. This would lead to a drop in power and efficiency. With drastic 
reduction the compression conditions might even become too weak to effect self­
ignition. Dual-fiiel engines should, therefore, not be throttled/controlled on the air side. 
The air/fiiel ratio of the mixture induced varies by control of the fuel gas but even a very 
lean mixture still ignites with the many well distributed spray droplets of diesel fuel. All 
other parameters and elements of the diesel engine may remain unchanged such as the 
compression ratio, the point or crank angle of injection etc.
Ideally, there is a need for optimum variation in the liquid fuel quantity used any time in 
relation to the gaseous fuel supply (5) so as to provide for any specific engine the best
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performance over the whole load range desired. Usually, the main aim, for both 
emissions and economic reasons, is to minimize the use of the diesel fuel and maximise 
its replacement by the cheaper gaseous fuel throughout the whole load range. The dual 
fuel engine can operate effectively on a wide range of different gaseous fuels while 
maintaining the capacity for operation as a conventional diesel engine. Normally, the 
change over from dual fuel to diesel operation and vice versa, can be made automatically 
even under load.
Modification of a diesel engine for a dual fuel process has the following advantages:
• Operation on diesel fuel alone is possible in cases where fuel gas is in short 
supply.
• This may be used especially where biogas production depends upon variable 
input and digestion rates. Any contribution of fuel gas from 0-80% can 
substitute a corresponding part of diesel fuel affecting performance as 
discussed in chapters 5 ,6 ,7  and 8 .
• Because of the existence of a governor on most diesel engines, automatic 
control of speed /  power can be done by changing the amount of diesel fuel 
injection while the gas fuel flow remains uncontrolled, i.e. constant
1.1.3 Biogas-Fuelled Engines
Biogas originates from bacteria in the process of biodégradation of organic material 
under anaerobic conditions. Its composition is usually in the range 30-40% carbon 
dioxide, with a balance of methane and other trace gases; a typical composition is 35% 
carbon dioxide with 65% methane. A typical dry-gas composition (6 ), using partial 
combustion, produced by a gasifier may be 18-20% carbon monoxide, 8-1 0% carbon 
dioxide, 18-20% hydrogen, 2-3% methane and a balance of nitrogen. The widely 
variable composition of the gas from the gasifier makes this fuel better suited to diesel 
engines operating in a dual-fuel mode. Mukunda et al*(6 ) have discussed the 
complete gasifier/diesel engine system in some detail. Stone et al (7) have analysed 
biogas combustion (typical composition is 35% CO ^ith 65% CH4) in spark-ignition 
engines by means of experimental data and a computer simulation. The hydrogen 
sulphide traces in the biogas do not have significant effect on combustion but the acidic 
products of combustion require a careful choice of lubricant
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1.2 Environmental effects of using gaseous fuels
Environmental problems of today may be divided in two categories (8 ) :
i) Local or regional problems caused by toxic pollutants affecting human beings
e.g.
- HC, CO and NO* emissions,
- particulates emitted mainly by diesel engines, and
- benzene and formaldehyde
Ü) Global problems, extending to the entire world concerning global-warming
caused by greenhouse gases such as CO2; deforestation and damage to 
buildings by acid rain containing sulphuric or nitric acid arising from SO* and 
NOx.
The main contributors to the environmental problems are road transport and power 
plants using gasoline and diesel fuels. These fuels are mainly hydrocarbons (HC). All 
HC create CO2 and water vapour when they bum. CO will be emitted if the fuel is 
partially burnt and NOx is formed when N and O in the air are heated in the engine. 
Partially-bumt fuel is a source of pollution from gasoline vehicles, particularly when the 
engine is first started from cold with a rich mixture. The emissions from CNG engines 
are much cleaner than those from gasoline or diesel engines and there is no such 
requirement of a rich mixture for cold starting because of the complete mixing of fuel 
and air.
It is often believed that serious pollution is concentrated in towns like Athens, Delhi, Los 
Angeles, Mexico City and Tokyo, but it is actually quite common. For example, 31% of 
the population of the USA live in 22 towns that the government has classed as suffering 
severe pollution and concern about urban air quality is increasing in many other 
countries. The availability of CNG vehicles satisfying the strict legislation in force in 
California is already encouraging other areas to adopt similar regulations and vehicle 
manufacturers may even welcome the application of the same standards in every 
country.
The most detailed study of the environmental effects of CNG and other transportation 
fuels is M A Deluchi’s (3) "Emissions of Greenhouse Gases from the use of 
transportation fuels and electricity" written for the US Department of Energy.
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In the U.K. British Gas (9) is undertaking a variety of development work on NGVs. 
Environmental tests have been carried out by independent test agencies which show that, 
in the urban environment, NGVs reduce emissions of CO by 76%, NOx by 83%, non­
methane hydro carbons (NMHC) by 8 8%, benzene virtually 100%; ground level ozone 
formation is less than 10% of that caused by petrol vehicles and there are very low 
particulate emissions compared with diesel vehicles. Regarding the global environment 
NGVs reduce CO2 emissions per vehicle km by 25% compared to petrol vehicles and 
hence global warming by 17% after allowing for methane emissions.
Changes in tailpipe emissions (9) for a typical bi-fuel car-derived van assessed under 
real conditions are as shown below :
COMPONENT REDUCTION AGAINST REDUCTION AGAINST 
PETROL DIESEL
CO2
CO
NOx
NMHC
Benzene
Lead
Sulphur
22-24%
76%
83%
88%
99%
Eliminated 
almost 100%
10%
natural gas and diesel 
both low 
80%
80%
97%
not applicable 
almost 100%
1.2.1 Causes of exhaust gas emission
The combustion of any fuel is affected by (i) the temperature of the flame (ii) the time 
that the air-fuel mixture is kept hot enough to bum (iii) the turbulence of the air-gas 
mixture.
In a reciprocating engine the combustion time available is always short and temperature 
drops when the burnt gases expand during the power stroke. Cylinder walls tend to 
quench the flame so it is difficult to bum fuel completely in an engine. Turbulence can 
make the hot, burning gases recirculate and maximise the flame temperature, improving 
combustion and ensuring that every fuel molecule contacts sufficient air to bum. 
Increasing the temperature, however, also increases the production of NOx.
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Though a gaseous fuel can be mixed evenly with air, natural gas bums more slowly 
than a liquid fuel. This is caused by the slow flame speed of the major component of 
natural gas i.e. methane. Spark timing should, therefore, be advanced when gas is used, 
and the combustion chamber should be designed to create turbulence in the air-gas 
mixture. This ensures lower production of CO and partially-bumt HC from a gas 
engine compared with a gasoline engine.
1.2.2 Noise and vibration
CNG engines are generally quieter and smoother than diesel versions, because of lower 
compression ratios and slower buming of natural gas. Improvement is particularly 
noticeable when idling or accelerating from rest, making CNG vehicles popular with bus 
drivers and passengers. This quieter operation is possible only for lean-bum operation 
leading to lower exhaust temperature.
1.3 Present research strategy and scope of work
Researchers have succeeded to a great extent in optimising the performance of sparic- 
ignited gas engines and reducing harmful exhaust emissions compared to the gasoline 
engine. Currently, there are a number of commercially available spark ignition gas 
engines being used in vehicles worldwide (3). Professor Gazi A Karim, a renowned 
research expert in the field of dual-fuel engines at University of Calgary, Canada 
remarked (5), '7w the case of dual fuel engines (diesel & gas), however, the systems 
work satisfactorily but the operation of the engine tends not to be optimized as much as 
it should. This optimization is needed in terms of the overall efficiency, the amount o f 
diesel fuel replaced, the quality o f gaseous fuel, noise and vibration and exhaust 
emissions. For dual fuel engines to be viable alternatives to diesel engines and even to 
spark-ignition gas engines, considerable research and development work is required."
The focus of this present research is not only the use of natural gas/biogas (gaseous 
fuel with methane as its main constituent) in intemal combustion engines, already 
explored very well by many researchers (3 ,5 ,6 ,7 ,10, I I , 12,13), but to explore the 
effects of varying the quality of gaseous fuel in terms of the methane content of the fuel 
by mixing (14) natural gas and carbon dioxide in different proportions while using 
gasoil as a pilot fuel. The investigation was designed to include performance and 
efficiency parameters, CO and O2 in exhaust gas and cylinder pressure characteristics.
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In chapter 3, the experimental technique and equipment used in this investigation is 
described. Also discussed in the same chapter is the main development of the gas 
supply system. The baseline performance of the engines on gasoil only and the 
scheme of investigation are discussed in chapter 4. Baseline performance on natural 
gas only is described in the chapter 5 and performance on gas mixture is described in 
the chapter 6 . Combustion characteristics for all the above cases are described in the 
chapter 7.
1.3.1 Background of this research plan
The author started work on a dual-fuel engine project on behalf of his group company 
in India. But due to delay in getting the bottled supply of natural gas and other blending 
gases, the project was getting behind the schedule. The author defended the same 
project plan in an interview at Delhi to study for PhD in England under the British 
Chevening Fellowship in October 1993.
Analysing all the factors discussed in 1.3 above into consideration, the author has 
conducted the research work on the use of gaseous fuels of varying quality representing 
the range of composition which may be encountered in gas from different sources - 
biogas, landfill gas and sewage gas etc.
Taking pros and cons into consideration for various intemal combustion engines in the 
university laboratory, the Lister Better Alpha two-cylinder, indirect injection diesel 
engine of stationary type was selected for the current research. Technical specifications 
of this engine and detailed information on the experimental set-up are given in the 
chapter 3.
1.3.2 Further changes in the plan
At the University of Surrey, initially the plan was to carry out the research on the Lister 
Better IDI diesel engine in dual-fuel mode. In March 1996, the author made a 
presentation in IMechE seminar “Use of Natural Gas in Engines”. In the question 
time at the seminar, the Financial Times technical correspondent raised the question of 
carrying out similar work on a DI diesel engine. At that time it did not seem possible to 
obtain another engine and repeat the work in the available time. At this seminar the 
Lister Better research team also made a presentation and at the end of the seminar they 
came forward and volunteered to loan the DI version of the Alpha engine. The
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possibility of completing the comparative analysis on the effects of quality of gaseous 
fuels on combustion and performance in both DI and IDI diesel engines, provided the 
motivation to complete the extended project in time.
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Chapter 2 
Literature Review
The gaseous fuels, natural gas and liquefied petroleum gas, have been in vehicle use 
long enough to recognise substantial advantages in emission reduction, overall cost, 
and reliability in many vehicles. Much information is becoming available from fleet 
use in both government and private service in the developed countries. For stationary 
applications, especially in combined heat and power, a lot of work has been done and 
reported on large gasoline engines employed as dedicated gas engines or dual-fuel 
gasoline engines and further on large gasoil engines as dual-fuel engines. 
Consequently there is comparatively little published literature in the area of substitution 
of gaseous fuels for gasoil in small stationary diesel engines. These small scale diesel 
engines play a very important role in the economy of the developing countries by 
facilitating the vast majority of the rural population in their basic tasks as irrigation of 
the fields, grain milling and for provision of small scale power generation.
A country like India, from where the author has come, has a variety of crops 
throughout the year and animals from which considerable agricultural waste is 
produced. Technology related to biogas from this waste has been steadily developed 
over the last fifty years from small individually designed units to larger production 
plants. The development, however, has largely taken place on the side of biogas 
production and anaerobic waste treatment Utilisation of the gas produced by these 
methods has only recently been the subject of more scientific evaluation. The 
successful and economical transformation of energy through biogas into the 
thermodynamically higher valued mechanical energy is now the most important 
research area in this field. There is very little literature available on the effect of quality 
of gaseous fuels on the performance and combustion in a small (<15 kW) stationary 
diesel engines.
2.1 Review of previous work
Review of the previous work has been categorised in the following sections:
• Automotive sector engines
• Stationary power plant
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• Combustion and performance (including analytical models)
2.1.1 Automotive sector engines
Most commercial natural gas engines are in fleet vehicles, including buses, trucks, and 
delivery vans, which return to a common refuelling station. These large vehicles 
generally are not affected by development challenges associated with natural gas 
transportation. Fuel-storage tanks can be bulky and heavy, but they fit easily on these 
large vehicles. However, a natural gas vehicle can usually travel no more than 200 
miles before refuelling, and fuel supply stations are scarce.
Gregory J. Wilcox et a! (17): The US Department of Energy (DOE) is undertaking a 
comprehensive technical analysis of alternative transportation fuel utilisation in the 
United States for the future. DoE’s interest in such fuels stems from their potential to 
displace conventional petroleum fuels and reduce air pollution.
Albert H. Robbins & Christopher H. Braun (18) have reported that Citizen Gas 
& Coke Utility has converted its hundred 3/4 ton customer service vans to dual-fuel 
service. Natural gas serves as the primary fuel, while the gasoline system is retained as 
backup. Experience has shown that natural gas is a safe, inexpensive and clean 
burning fuel which can be successfully utilised in fleet applications as an alternative to 
gasoline.
J  T Fitzgerald (19) In Western Australia, Transperth, the public transport operator 
responsible for the provision of a multi-modal transport system for the city and 
metropolitan areas of Perth, embarked on a program to research alternative fuels. Two 
Mercedes buses were converted to run on natural gas and trial results were 
encouraging and Transperth decided to extend the trial to convert 28 buses to natural 
gas. More experience on NGVs in Australia is reported by G J Waldron & Allen 
(20).
Yu taka Takada et al (21) of Nissan Diesel Motor Co., Ltd. worked on the 
development of a heavy-duty turbocharged and aftercooled CNG-fuelled lean-bum 
engine conversion of a naturally-aspirated diesel engine into Otto-type CNG engine.
Nils-Olof Nylund & Arto Riikonen (22) have reported about the a Finnish tmck 
and a MAN bus operated on methane and further about the joint project to promote 
low-emitting natural gas fuelled city buses in the Nordic capitals.
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J. G. Conway (23) carried out a full economic case study based on the conversion of 
a fleet of vehicles at British Gas North Western’s operational control centre at 
Blackburn was undertaken. The major recommendations of this paper produce 
sufficient justification for British Gas to phase out completely its use of liquid fuels 
and substitute them with compressed natural gas. Further is reported (24) that the 
British Gas is investing over £1 million per year on NGV research and an 
infrastructure is being prepared which will ease the opportunities for third-party fleets, 
to obtain NGV conversions and find refuelling facilities. The Watt Committee on 
Energy in UK reported (25) that it is increasingly recognised that modem systems, 
with compressed natural gas carried in the vehicle in high-pressure containers, have 
environmental advantages, particularly for urban air quality.
According to Ricardo’s Powertrain research team (26) the arrival of Euro 2 emission 
regulations in 1997 (corresponding to US TLEV) will mean an improved emission 
control system to the present 3-way catalyst for gasoline-engined vehicles. This strict 
legislation for the ULEV stage, medium and heavy duty diesels will probably give way 
to gas engines.
Pablo Garcia and William Shiells (27) retrofitted a Cummins NTC335 engine to 
spark ignition in a 40 ton GVW tmck in New Zealand in 1984.
D P Clarke et al (28) reported the development of the Navistar 7.3 litre V8 CNG 
engine firom direct injection diesel mode to a lean bum, spark ignition engine.
2.1.2 Stationary power plant
G A Reynolds (29) presented the history of developing Rolls-Royce aero derivative 
gas turbine engines to mn on natural gas fuel. He summed up that the Rolls-Royce had 
60 million hours’ experience of using natural gas in these engines.
In 1989, Berrybank farm in Victoria, Australia converted piggery wastes (30) into 
electricity and heat by anaerobic digestion getting not only relieved of pollution 
problem, but considerable savings as well. The cogeneration system with a payback 
period of 5-6 years consisted of five 15 kW Totem engines and one 80 kW Caterpillar 
engine.
A poultry farm (31) in the Netherlands is producing 340 MWh/year of electricity and 
690 MWh/year of heat using biogas (64% methane and 36% carbon dioxide and lower
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calorific value 23 MJ/m^). Further there is another project (32) to upgrade landfill gas 
to natural gas quality. Dutch landfill gas consists of 57% CH4, 37% CO2 and 6 % N2.
A 12.7 MW poultry litter power plant (33) was installed in the United Kingdom in 
1992. Another 1.2 MW power station fuelled by landfill gas (34) was commissioned 
at Middleton Broom, West Yorkshire in 1993. These projects benefit from the Non- 
Fossil Fuel Obligation (NFFO), introduced in 1990 by the UK. Government.
A 14 MW multi-biofuel, fluidised-bed boiler (35) based district heating plant was 
started in 1984 in Sweden.
Further on small scale stationary engines used for biogas applications there is a book 
by Mitzlaff (15) and few publications - Oekotop’s (II), Indian (12), Chinese (13) 
and Brazilian (16) mainly dealing with practical methods of modification of small 
stationary diesel engines for dual-fuel operation but these discuss very little on the 
effect of gas quality on engines.
2.1.3 Combustion and perfomiance (including analytical models)
G A Karim and I Wierzba (36): discuss how the performance of engines, both of 
the spark ignition and compression ignition dual-fuel types is adversely affected by the 
increasing presence of carbon dioxide with the methane. In the case of C 1 engine 
operation they have shown the performance results on a dual-fuel single cylinder 
engine fuelled with methane on a range of CO2 concentrations in the fuel mixture at a 
constant speed of 1000 rev/min and pilot fuel injection quantity of 0 .3  kg/h.
G A Karim, Z Liu and W Jones (37) discuss the nature of processes that bring 
significant exhaust concentrations of unconverted methane and carbon monoxide 
produced at light load operation of dual-fuel engines using very lean gaseous fuel-air 
mixtures.
G A Karim and Z Liu (38) describe an approach to predict the onset of knock in 
compression ignition engines of the direct injection type when operating on pure 
gaseous fuels and their mixtures that may include methane, ethane and hydrogen.
Z Liu and G A Karim (39) examine the ignition delay period in dual-fuel engines 
employing the gaseous fuels methane, propane, ethylene and hydrogen and suggested
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that it can be correlated in terms of the type of gaseous fuel employed, its concentration 
and other operating conditions.
G A Karim (40) describes the combustion phenomena that bring about the limitations 
like poor fuel utilisation and high exhaust concentrations readily encountered at light 
loads in dual-fuel engines.
G A Karim, R R Raine and W Jones (41) consider the cyclic variations in 
performance parameters of a dual-fuel engine fuelled with methane.
G A Karim and J  Gao (42) described a two-zone predictive model for the 
performance of a spark ignited gas engine. It can predict pressure-time and 
temperatures-time histories and hence performance parameters such as indicated power 
output, peak pressure, optimum spark timing etc.
R R Raine and Stephenson et a! (43) evaluated the work on diesel engines 
converted to SI operation. The principal parameters considered were compression ratio, 
spark timing and air-fuel ratio. The optimum compression ratio evaluated was 15:1.
S Y Duan (44) addressed the comparison between gas and gasoline/diesel for power 
outputs, efficiency and emissions. For gas and gasoline performance comparison his 
work is based on a Ford CVH 1.6L engine. He has reported power loss of 0 to 22% 
on gas on this engine. For gas and gasoil comparison his work is based on IVECO 5 
litre engine. Power outputs are marginally lower than that from diesel when the gas 
engine is running at stoichiometric mixture.
C R Stone, J  Gould and N Ladommatos (7) addressed the analysis model for 
biogas combustion in spark-ignition engine to show how the change of fuel 
composition can affect the air-fuel ratio. Three fuel compositions were tested on a 
modified Waukesha gas engine.
C N Brown (14) investigated the performance of Waukesha VRG200, 3.6 litre SI 
engine at various combinations of methane and carbon dioxide.
Dong Soo Jeong et a! (45) addressed the improvement in performance of a natural 
gas engine through the modification and controls of compression ratio, air-fuel ratio, 
spark advance and supercharging.
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D H Rix and K B Matthews (46) discuss the conversion of LPW4 direct injection 
diesel engine into spark ignition LPWG4 gas engine (prototype stage) rated at 25 kW 
by replacing fuel injectors with standard 14 mm spark plugs. This was done as part of 
an ERA Technology project to develop a low cost cogeneration system.
2.2 Summary of literature review
So far most of the literature available on gas fuelled engines is in the following areas:
S I engines driving vehicles using pure natural gas 
Dedicated biogas S I engines 
Large dual fuel engines using methane only 
Large dual fuel engines using one composition of gas 
General performance of the above engines rather than in-cylinder combustion 
analysis.
Thus there is very little published work or, as far as is known, work in progress on 
small (cylinder scale) dual-fuel diesel engines using a varying quality of gaseous fuel. 
Similarly there is a lack of information about the combustion process in these engines 
from the point of view of in-cylinder pressure data. Other workers do not appear to 
have made direct comparison between similar DI and IDI engines.
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Chapter 3
Experimental Techniques
3.1 Engine test bed and instrumentation
The test engine, used for the present research, is a two-cylinder, four-stroke, water 
cooled Lister Fetter Alpha series diesel engine. This is typical of those used throughout 
the world for small scale power generation, water pumping for irrigation purposes and 
for on-site duties in construction work. Keeping in view the variation in diesel 
substitution level (52) in direct-injection and indirect-injection, work has been carried 
out in dual-fuel mode on both versions of Lister Fetter diesel engine having rest of the 
features similar. Table 3.1 gives the specifications of the standard engines in diesel 
form and Fig 3.1 shows the two combustion chamber designs.
Table 3.1 Standard Engine Specification
Lister Fetter Engine LPWS2 LPW2
Combustion Diesel
Injection Indirect (IDI) Direct (DI)
Cooling Water cooled
Rotation- looking on flywheel Anticlockwise
Bore mm • 86
Stroke mm 80
Cylinder capacity cm^ 930
Compression ratio 2 2 18
Mean piston speed at 3000 rev/min m/sec 7.99
Rated engine speed levAnin 3000
Engine speed range rev/min 1000 - 3000
Rated power kW 13.4
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Fig 3.1 Combustion chamber designs
i
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Figure 3.2 shows the experimental set-up of the test bed and instrumentation, and Fig
3.3 shows the general view of the test bed.
liquid
fuel flowmeter
natural gas 
meter
hydraulic
dynamometer
cylinder
pressure
exhaust gas 
analysis
metered gas 
supply
temperatures
display
encoder
heat exchangers
torque display
water
flowmeter
air flowmetermanometer
r.p.nou display
oscilloscope/ 
data acquisition
LPWS2 Lister 
Better diesel 
engine
A/D converter
C 02  meter
PC
Fig 3.2 Set-up for experimental work and instrumentation
Fig 3.3 General view of the test bed
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3.1.1 Fuel measurement
(a) Gasoil measurement
The flow meter used for the measurement of gasoil consumption is a Flint automatic 
volumetric fuel gauge. The gauge cycle starts at switch-on by opening the solenoid valve 
to permit gasoil to fill the gauge and supply the engine on test. This continues until the 
fuel level reaches the top sensor, after which there is a short delay period of overshoot 
before closing the solenoid valve.
At this point the gasoU is being drawn from the gauge only and the timer is reset. As the 
fuel level passes the top sensor the timer is started and this is shown on the display. 
Figure 3.4 shows the schematic diagram of the fuel flow measurement.
measuring chamber
top sensor
■  50ml sensor
100 ml sensor
to engine
fuel from tank
over spill
solenoid activated valve
Fig 3.4 Gasoil Measurement
When the gasoil level reaches the lower sensor (50 ml or 100 ml depending on switch 
setting) the timer is stopped and the value passed to the LED display. The solenoid valve 
opens again to start the fill part of the cycle. The last measurement time remains on the 
display until the fiU period is complete and the valve closes again.
Calibration check: To check the accuracy of this fuel gauge, diesel fuel was collected 
and weighed at both the settings i.e. 50 ml and 100 ml, the percent error observed was in 
the range of +0.2-0.3%.
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(b) Gases measurement
The laboratory gas meter designed by the British Gas has been used for measurement 
of natural gas and carbon dioxide. It is a positive displacement meter with a high 
resolution, resettable digital display as shown in Fig 3.5. One gas meter is used for 
natural gas and the other for carbon dioxide measurement. These meters are mounted 
on the wall of engine cell as shown in Fig 3.6. In operation the meter measures the 
volume of gas passing through and being used in the engine. It measures, and displays, 
the amount of gas used in litres.
GAS FLOW DIRECTION INDICATOR
GAS CONNECTIONS
DISPLAY.
ON/OFF SWITCH
5 PIN DIN SOCKETSTART/STOP BUTTON
BATTERY BOXHOLD/RESET BUTTON 
Fig 3.5 Laboratory gas meter
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The supply to the natural gas meter is through a safety protected system, as 
recommended by the British Gas Code of Practice (50) including high and low pressure 
cut-off switches and solenoid operated safety shut off valve also shown in Fig 3.6. 
The supply to the engine is regulated manually at the gas-air mixing device.
Fig 3.6 General view of gas meters and safety system
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3.1.2 Air flow measurement
The air flow meter is an Alcock viscous flow meter consisting of :
• A matrix of triangular passages of small cross sectional area to ensure viscous 
flow;
• An inclined manometer to measure the pressure drop across the matrix;
• An air filter to prevent particles from clogging up the matrix;
In addition a large volume compared to the swept volume of the engine cylinder is 
interposed between the meter and inlet manifold to eliminate pulsating effects. Figure 
3.7 shows schematic diagram of the air flow measurement system.
Air flow
Inclined manometer
To engine
Filter Metering element
Fig 3.7 Air flow measurement system
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3.1.3 Hydraulic brake circuit
The circuit consists of
• a Dowty pump (1PL044) with a maximum speed of 3000 rev/min and a 
maximum continuous pressure of 250 bar, capable of pumping 50 litre/min;
• a 15 litre reservior including a filter,
• a Flupac unloading valve. When it is fully open it allows the entire engine load 
to be removed especially at the starting or stopping the engine. When the valve 
is fully closed, the load is controlled by adjusting the fine control valve;
• a Flupac fine control valve;
• a Sun Hydraulics Ltd. variable relief valve to act as a circuit breaker;
• an 0Ü cooler.
The schematic diagram of this hydraulic circuit is shown in Fig 3.8.
M high pressure
Fig 3.8 Hydraulic brake circuit
1. oil tank (15 litre); 2. Dowty oil pump 1PL044; 3. Sun relief valve; 4. Flupac 
fine control valve; 5. Flupac shut-off valve; 6 . oil cooler (water-cooled);
7. pressure gauge (400 bar).
M K Makkar. PhD Thesis. April 1997.
Chapter 3. Experimental techniques 27
3.1.4 Transmission dynamometer
The system for measuring the torque/load developed through the hydraulic system on 
the engine consists of:
• an EEL transducer which can measure in the load range of 0-81 Nm and 
withstand a maximum load of 163 Nm and speeds up to 8000 rev/min. This 
consists of two pairs of strain gauges mounted diametrically opposite to each 
other on a shaft to form a four arm bridge circuit which produces a signal 
proportional to the maximum shear strain in the shaft, eliminating the effects of 
change in temperature and bending. The signals to and from the rotating shaft 
are transmitted via four slip rings and eight silver brushes. These are housed in 
a glass fibre casing which is supported on ball bearings and held stationary by 
a metal rod connected fi'om an eyebolt mounted in the casing to a rigid part of 
the test bed. The shaft is coupled to the flywheel and the dynamometer brake 
by flexible couplings;
• an RS-232 strain gauge amplifier whose gain can be adjusted to give a direct 
reading of the torque in Nm. This is mounted on the cell wall beside the torque 
transducer,
• an LCD torque display mounted in the control room;
• a 12 V power supply.
Operation : When torsion is applied to the shaft the resulting torsional shear strain 
causes a change in the electrical resistance of the strain gauges to produce an electrical 
output voltage from the energised bridge circuit which is directly proportional to the 
applied torque. The transducers are capable of accurately measuring cyclic torque 
variations and torque transients.
Torque calibration : Calibration of the torque meter was done by applying a known 
torque to the shaft and adjusting the coarse and fine gain of the amplifier to get the same 
display reading. This was done by using part of the F60 Fenaflex coupling with an 
adaptor plate secured to it to provide a moment arm on which known weights could be 
hung. This arrangement is shown in Appendix A. The display was zeroed before any 
load was applied, then the moment arm and a weight were added to the shaft, the gain 
was adjusted to give the correct display and further weights were added to get torques in 
the range of 0-50 Nm. These readings were checked against the calculated values 
respectively and the percent error obtained was in the range of ±_0.4-0.6 %.
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3.1.5 Encoder and revolutions counter
The Digitech DEI 053+5 V optical shaft encoder consists of a pair of binary coded 
discs, one of which rotates with the free end of the crankshaft while the other remains 
stationary. The relative positions of these two discs produce a unique signal indicating 
shaft speed and angular position of the shaft. It enables the speed of the engine to be 
measured and also pressure recordings to be synchronised with the position of the 
crankshaft. The signals were at 1° and 360° intervals.
The calibration of the encoder & counter combination was done by taking this signal to 
the oscilloscope and checking the time taken by one cycle of the engine and thus the 
respective engine speed. The results are given in Appendix B.
3.1.6 Temperature measurement
Temperature measurements are made on the test bed using K-type thermocouples for 
ambient temperature, heat exchanger inlet & outlet temperatures, lub. oil temperature and 
exhaust temperature. These are connected to a selector switch and digital display.
3.2 Data acquisition system
This system was developed by the BEng and MEng project students (47) for acquisition 
of in-cylinder pressure crank angle data. The author has checked and validated it by 
comparing the pressure measurements on an oscilloscope. Calibration of the pressure 
transducer and its charge amplifier was carried out on a dead weight pressure tester. 
Detailed results of calibration are given in Appendix C. Cylinder pressure data has 
been very helpful to give detailed insight into the combustion process and, above all, 
offers a good comparison on combustion for the variation in the quality of the gas 
mixture used in the dual-fuel diesel engines.
Like any typical set up for measuring and acquiring in-cylinder pressure data, it consists 
of a pressure transducer, a crankshaft encoder giving the basis for pressure 
measurements. The both engines’ cylinder heads were machined to enable fixing 
sleeves to incorporate the pressure transducers. The transducer assembly details are 
given in Appendix C.
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3.2.1 Pressure signal
For this research a Kistler type 6123A1 air cooled piezoelectric pressure transducer was 
used. The transducer calibration details are given in Appendix C. The piezoelectric 
pressure transducer is a polystable quartz crystal which produces an electric charge that 
is proportional to the pressure developed in the cylinder. The small transducer output 
charge is converted and amplified to a pressure proportional voltage signal using a 
Kistler charge amplifier - which is basically a charge-voltage converter. After 
amplification the signal is fed into a 12 bit Analog to Digital Converter which digitises 
the amplitude of the measured signal. This process is important for the onward 
transmission to, and further processing of, the data by the computer. The signal from the 
amplifier is also channelled to an oscilloscope for display on screen. Since appropriate 
scales for the signal were used; it was possible to read the values of cylinder pressure on 
the screen of the oscilloscope.
The use of a piezoelectric transducer meant that it was necessary to determine a datum 
for the pressure readings. For this research, it was decided to set the induction and 
exhaust strokes at approximately atmospheric pressure (1 bar) and relate the other 
pressure readings to this level.
Fig 3.9 Pressure transducer fitted to cylinder head
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3.2.2 Calibration of the cylinder pressure measuring channel
The overall transfer factor is calculated by multiplying the calibration data of the 
different instruments of the channel. From the combination of the pressure transducer, a 
charge amplifier and an oscilloscope, the overall conversion factor is:
Transform: pCTbar X V^C X div/V = div/bar
For the measuring chain total, the reciprocal value bar/div is normally used. This results 
automatically with some charge amplifiers like the Kistler type 5007 used in this 
research which has calibration setting. Direct calibration factor setting is the result of 
Kistler’s philosophy of 'Measuring without maths’. When using the 5007 charge 
amplifier, it is no longer necessary to work out the overall conversion factor from the 
calibration of the single units used in the measuring channel. On the charge amplifier, 
the sensitivity of the connected transducer is dialled directly. This is done by turning a 
switch that selects the transducer sensitivity range (10-110 pC/MU) and a potentiometer 
selecting the numerical values of the transducer sensitivity (e.g. 1-65). By turning the 
transducer sensitivity range switch the range scale is selected so that any one of the 12 
calibrated measuring scales can be read off direct in mechanical units per IV output 
voltage (MU/V) - without calculation. This selection of the desired measuring scale in 
MUA^ is done on the amplifier by the use of a separate knob. The selected measuring 
scale in MU/V correspond to the earlier defined - overall conversion factor of the 
measuring chain, where the mechanical unit, in this case being that of pressure, is bar.
3.3 Gaseous fuel-air mixing device
For dual-fuel operation the prime modification needed was for the gaseous fuel entry 
along with the air. This need was met by a mixing device providing a mixture of both 
air and gaseous fuel at all performance levels. This mixing device was designed 
according to recommendations of von Mitzlaff (15). It is a T-joint with the gas pipe 
protruding into the device as shown in Fig 3.10. The gas pipe is cut obliquely at an 
angle of 45° with the opening facing the engine inlet. The protruding section increases 
the active pressure drop for the gas to flow into the mixing device. The pressure drop 
increases further with increase in engine speed and air flow increases and thus gas 
intake. The design calculations to evaluate diameter of the pipe for gas inlet are based 
on the parameters - rated power, cubic capacity, rated speed, volumetric efficiency.
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manifold diameter, diesel substitution, gas calorific value and velocity of gas. These 
calculations in detail are given in Appendix D.
air from 
filter
air fuel mixture 
to engine inlet
Fig 3,10 Gas mixing device
To improve mixing further a turbulence grid (48,49) shown in Fig 3,11 was introduced 
in the above mixing device. The combination of the mixing device and turbulence grid 
used in the present tests is shown in Fig 3.12.
Fig 3.11 Turbulence grid
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Fig 3.12 General view of the mixing device and grid
3.4 Development of equipment during the current
research
During the current research the author developed further the existing experimental set­
up of the Lister Fetter Alpha series diesel engine to equip it for dual-fuel engine tests. 
This work included the following list of equipment and systems:
• Hydraulic brake system
• Data acquisition system
• In-cylinder pressure measurement
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• Gaseous fuel-air mixing device
• Natural gas supply system
• CO2 supply system
3.4.1 Hydraulic brake system development
With the existing hydraulic system described in 3.1.3 it was not possible to get a steady 
load on the engine. Load set at any point increased without changing the setting. This 
problem was resolved by modifying the hydraulic network which included an increase 
in diameter of the hydraulic pipe used in the system and a change in the network as weU. 
The modified hydraulic system is shown in Fig 3.8. With these modifications steady 
load was achievable.
3.4.2 Data acquisition system validation
As mentioned in 3.2 this system was developed by the BEng and MEng project 
students. The author validated the system by feeding the calibrated pressure signal to an 
oscilloscope. The system was found to be performing well.
3.4.3 Developments for in-cylinder pressure measurement
As mentioned in 3.2 the cylinder heads of the DI and IDl engines were machined to 
enable fixing sleeves to incorporate the pressure transducers. The drawings were 
provided by the manufacturer. The author designed the tool for the Kistler type 6123 A1 
pressure transducer for its easy removal from the engine and further a system for its 
calibration using a dead weight pressure tester.
3.4.4 Development of gaseous fuel-air mixing device
As mentioned earlier in 3.3 this device was designed according to recommendations of 
von Mitzlaff (15) and developed according to the specifications of the test engine used 
in this research. For more effective mixing of air and gaseous fuel a turbulence grid 
was also developed (49). Mixing device and turbulence grid are shown in Figures 3.10, 
3.11 and 3.12.
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3.4.5 Natural gas supply system
Natural gas supply was from the British mains (94.8% methane, 34.8 MJ/m^ ) at 8 inch 
WG pressure. It was measured by the laboratory gas meter designed by the British Gas 
as described in 3,1.1. The supply to this meter was through a safety protected system, 
as recommended by the British Gas Code of Practice (50) including high and low 
pressure cut-off switches and solenoid operated safety shut off valve as shown in Fig 
3.6. The supply to the engine was regulated manually at the gas-air mixing device.
3.4.6 C02 supply system
CO2 supply to the engine was from the BOO CO2 bottle. It could be regulated by the 
CO2 regulator (BOG) manually. It was metered by the laboratory gas meter as 
described in 3.1.1 and shown in Fig 3.6.
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Chapter 4
Scheme of investigation and baseline 
performance on gasoil
4.1 Scheme of investigation
In this research work the performance and combustion tests were conducted on IDI and 
DI versions of the Lister Fetter Alpha series diesel engine as specified in chapter 3. The 
tests were performed on the diesel engine for the following cases :
• baseline performance on gasoil only;
• baseline performance on dual-fuel mode using gasoil and natural gas;
• performance on dual-fuel mode using gasoil and gaseous fuels of varying 
quality.
The details of the baseline performance on gasoil only for IDI and DI diesel engines are 
given in chapter 4, on dual-fuel mode using gasoil and natural gas in chapter 5 and the 
performance on dual-fuel mode using gasoil and gaseous fuels of varying quality in 
chapter 6 . In the chapter 7 combustion behaviour for the above test cases is given in 
details.
4.2 Baseline performance on gasoil for IDI diesel 
engine
The aim of this test was two fold:
• to confirm the standard engine performance according to the manufacturer’s 
standards;
• to record the baseline performance on gasoil only for later comparison with 
performance on dual-fuel modes.
Figure 4.1 shows a comparison of the results obtained by the manufacturer and the 
author. These are compared over a range of 1000 rev/min to 3000 rev/min. The 
maximum speed achieved at the full load in the author’s test was 2850 rev/min.
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The torque and power compared closely with the manufacturer’s standard results as 
shown in Figs 4.1 (a) and (b). The maximum torque applied at 1150 rev/min was 35.3 
Nm, 44.2 Nm at 2363 rev/min and 40.8 Nm at 2850 rev/min. Brake specific fuel 
consumption (bsfc) obtained was less than the manufacturer’s in most of the speed 
range as shown in Fig 4.1 (c). In manufacturer’s test results bsfc decreases from 310 
g/kWh at 1000 rev/min to 270 g/kWh at 2200 rev/min and then increases to 296 at 3000 
rev/min. In the author’s test results bsfc decreases from 292 g/kWh at 1150 rev/min to 
265 g/kWh at 2070 rev/min and then increases to 282 g/kWh at 2850 rev/min. Exhaust 
temperature, as shown in Fig 4.1 (d), was less in author’s results as compared to 
manufacturer’s results. In manufacturer’s test results it was 380°C @ 1400 rev/min,
39.8 Nm, 5.83 kW and it was 338°C at the same power as per author’s results. 
Similarly at 12.02 kW it was 508°C in manufacturer’s results and was 490°C at 12.18 
kW in author’s results. Comparison of rated and actual fuel consumption on gasoil 
only for IDI engine is given in Table 4.1.
Table 4.1 IDI fiiel consumption comparison
Speed
rev/min
Fuel consumption in litre/hr at load
100% 75% 50%
Rated Actual Rated Actual Rated Actual
2 0 0 0 2.9 2.7 2.3 2.3 1.7 1.7
2500 3.5 - 2.8 - 2 -
2800 - 4 - 3.2 - 2.5
3000 4.4 - 3.4 - 2.5 -
4.3 Baseline performance on gasoil for DI diesel 
engine
The engine performance of the actual Lister Fetter LPWS2 DI two-cylinder diesel 
engine from the manufacturer was not available so the author has compared this 
engine’s performance with the rated performance curves of the same engine (51). The 
comparison of the results is shown in Fig 4.2. Test results shown in Fig 4.3 are 
compared over a range of 2000 rev/min to 3000 rev/min. The maximum speed obtained 
at 39.5 Nm was 2933 rev/min. The torque and power curves shown in Figs 4.2 (a) and 
(b) indicate that it was possible to get 90% of the rated power and torque. Fig 4.2 (c) 
shows the variation of bsfc from 237 g/kWh to 242 g/kWh @ 2017 rev/min and 2933 
rev/min respectively. Comparison of rated and actual fuel consumption on gasoil only 
for DI engine is given in Table 4.2.
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Table 4.2 DI fuel consumption comparison
Speed
rev/min
Fuel consumption in litre/hr at load
100% 75% 50%
Rated Actual Rated Actual Rated Actual
2000 2.5 2.4 2 1.9 1.6 1.5
2500 3.2 - 2.5 - 1.8 _
2800 - 3.3 - 2.6 - 2.2
3000 3.9 - 3.1 - 2.3 -
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Chapter 5
Baseline performance on dual-fuel mode using 
natural gas
The objectives of dual-fiiel mode test using natural gas only were:
• to provide a comparison of gasoil performance with dual-fuel performance 
using natural gas (NG) from the British mains supply (94% methane, 34.8 
MJ/m3)
• to give a basis for the comparison of baseline dual-fuel performance at various 
natural gas substitution levels ranging from zero to a maximum value limited by 
knocking, with that of gaseous fuels of varying quality whüe keeping each of 
the respective NG substitution levels constant
To give a good comparative study, the test conditions maintained throughout the tests 
were constant speed and constant load. Tests were carried out at engine speeds 2000 
rev/min and 2800 rev/min and at 40 Nm load which provided approximately 60% and 
90% power respectively of the rated power of the IDI and DI diesel engines used. 
These power points were selected in such a way that all combinations of gaseous fuels 
could be tested.
5.1 Dual-fuel performance using NG in the IDI diesel 
engine
Dual-fuel performance results using NG in IDI diesel engine shown in Figs 5.1, 5.2 
and 5.3 are at engine speeds 2000 rev/min and 2800 rev/min and at 40 Nm load. Fig
5.1 shows the variation of overall efficiency with variation in NG substitution. The 
overall efficiency has been calculated on the basis of power obtained by the combined 
rate of energy input from gasoil and gaseous fuel at various proportions.
In dual-fuel tests, X% NG substitution implies that X% energy was contributed by NG 
and (100-X)% by gasoil. Thus, for example, zero percent NG substitution corresponds 
to the gasoil performance and, thus, 40% NG substitution level corresponds to 40% 
energy contributed by NG and 60% energy by gasoil. At 2000 rev/min gasoil efficiency
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is 30.9%. It decreases with increase in proportion of NG substitution. It falls from 
30.9% to 27.4% corresponding to NG substitution levels from zero to 58.9%. At 2800 
rev/min gasoil efficiency is 29.3%. It falls from 29.3% to 27.5% corresponding to NG 
substitution from zero to 67.9%.
Figure 5.2 shows the variation of exhaust temperature with NG substitution. It was 
observed that the exhaust temperature increases with increase in gas proportion up to 
40% NG, then decreases with further increase in gas. At 2000 rev/min it increases from 
3 9 4 0 c  to 4 0 3 0 c  for increasing NG proportion of zero to 28.9%, then decreases to 
3 7 4 0 c  for 58.9% NG. At 2800 rev/min it increases from 4890C to 4970C for 
increasing NG proportion of zero to 41%, then decreases to 4360C for 67.9% NG.
Figure 5.3 shows the variation of carbon monoxide (CO) with NG substitution. It was 
observed that CO increases with increase in NG at all proportions. At 2000 rev/min it 
increases from 0.05% to 0.47% for zero to 58.9% NG proportion respectively. At 2800 
rev/min it increases from 0.04% to 0.49% for zero to 67.9% NG proportion 
respectively.
5.2 Dual-fuel performance using NG in the DI diesel 
engine
Dual-fuel performance results using NG in the DI diesel engine shown in Figs 5.4,5.5 
and 5.6 are at engine speeds 2000 rev/min and 2800 rev/min and at 40 Nm load. Fig
5.4 shows the variation of overall efficiency with variation in NG substitution. At 2000 
rev/min gasoil efficiency is 35.1%. It decreases with increase in proportion of NG 
substitution. It falls from 35.1% to 31.3% corresponding to NG substitution levels 
from zero to 74%. At 2800 rev/min gasoil efficiency is 36%. It falls from 36% to 
31.1% corresponding to NG substitution levels from zero to 80%.
Figure 5.5 shows the variation of exhaust temperature with NG substitution. It was 
observed that the exhaust temperature decreases slightly with increase in NG. At 2000 
rev/min it decreases from 359°C to 350°C for increasing NG substitution levels from 
zero to 74%. At 2800 rev/min it decreases from 426°C to 415°C for increasing NG 
substitution levels from zero to 80%.
Figure 5.6 shows the variation of carbon monoxide (CO) with NG substitution. It was 
observed that CO increases with increase in NG at all substitution levels. At 2000 
rev/min it increases from 0.1% to 0.25% for zero to 74% NG substitution levels
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respectively. At 2800 rev/min it increases from 0.07% to 0.26% for zero to 80% NG 
substitution levels respectively.
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Chapter 6
Dual-fuel engine performance using gaseous 
fuels of varying quality
The aim of this test was not only to compare dual-fuel performance using gaseous 
fuels with performance on gasoil alone but also to examine the changes in dual-fuel 
performance between using:
• natural gas
• various compositions of gaseous fuels.
In these tests the quality of the gaseous fuels has been changed by selecting various 
proportions of gas mixture comprising of natural gas (NG) and carbon dioxide 
(CO2). Firstly gasoil substitution by NG from the British mains (94% methane,
34.8 MJ/m3) was at four selected constant levels of substitution. Here, as before, 
X% NG substitution level implies that X% energy contributed by NG and (100- 
X)% by gasoil. Then taking each constant level of NG only as 100%, it has been 
mixed with varying quantities of CO2 to change the composition of gas mixture. 
These mixing proportions were selected in such a way that they could 
accommodate a range of gas compositions equivalent to biogas, sewage gas and 
landfill gas. Thus, for variation in the gas quality, Y% NG in the gas mixture 
implies that the mixture comprises of Y% NG and (100-Y)% CO2 at X% NG 
substitution level.
Tests were conducted on IDI and DI versions of the Lister Fetter Alpha series diesel 
engine at two speeds 2000 rev/min and 2800 rev/min and three loads 40 Nm, 30 Nm 
and 20 Nm.
6.1 Dual-fuel IDI performance on gaseous fuels
6.1.1 At 2000 rev/min and 40 Nm
Keeping in view, from chapter 5, the maximum NG substitution at 2000 rev/min and 
40 Nm load for IDI dual-fuel performance, four NG substitution levels were 
selected at 22%, 37%, 45% and 58%. Then taking each level as 100%, NG was
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varying quality
mixed with CO2 to vary the composition of the mixture. Using NG:C02 mixture 
for a range of 100:0 to 40:60 test results are shown in Figs 6.1, 6.2,6.3 and 6.4. 
Zero on the gas mixture scale corresponds to 0% NG and 100% CO2, and 100 on 
the scale corresponds to 100% NG and 0% CO2 in the gas mixture.
Figure 6.1 shows the variation of overall efficiency with change in composition of 
the mixture at four NG substitution levels. It falls with NG substitution at all 
constant levels: at 22%, 37%, 45% and 58% NG substitution levels it falls from 
31% (gasoil only) to 29.6%, 27.8%, 28.5% and 28.2% respectively. On mixing 
NG with CO2 efficiency is not much affected up to 37% NG substitution. With 
higher NG substitution efficiency decreases with increasing CO2 in gas mixture: (i) 
at 45% NG level - it falls from 28.5% to 27% and (ii) at 58% NG level - from 
28.2% to 26.1%.
Figure 6.2 indicates that exhaust temperature is affected more by NG substitution 
up to 45%. At 58% NG substitution, exhaust temperature increases with increasing 
CO2 in gas mixture, from 382°C to 402°C. Figure 6.3 indicates that CO is affected 
mainly by NG substitution and not so much by the proportion of CO2 in the gas 
mixture. Figure 6.4 indicates that oxygen in the exhaust gas analysis gets affected 
by NG substitution as well as by the increase in CO2 in gas mixture. It falls with 
NG substitution at all constant levels: at 22%, 37%, 45% and 58% NG substitution 
levels it falls from 8.5% (gasoil only) to 8%, 7.8%, 7.4% and 7.1% respectively. 
On mixing NG with CO2 oxygen decreases further with increasing CO2 in the gas 
mixture: at 22%, 37%, 45% and 58% NG substitution levels it falls further to 7.1%, 
6.8%, 6.2% and 5% respectively.
6.1.2 At 2800 rev/min and 40 Nm
Keeping in view, from chapter 5, the maximum NG substitution at 2800 rev/min and 
40 Nm load for IDI dual-fuel performance, five NG substitution levels were selected 
at 21%, 42%, 48%, 55% and 65%. Then taking each level as 100%, NG was mixed 
with varying quantities of CO2 to change composition of the gas mixture. Using 
NG:C02 mixture for a range of about 40:60 to 100:0 test results are shown in Figs 
6.5,6.6,6.7 and 6.8.
Figure 6.5 shows the variation of overall efficiency with change in composition of 
the mixture at five NG substitution levels. It is not affected as much by NG 
substitution as by increasing CO2 at all substitution levels. At 21% NG substitution
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varying quality
level it falls from 28.9% (gasoil only) to 27.9% (NG) and further to 27.7% with gas 
mixture. At 42% NG substitution level it falls from 28.9% (gasoil and NG) to 27.4% 
for the gas mixture. At 48% NG substitution level it falls from 28.9% to 26.8% for the 
gas mixture. A different pattern in efficiency was observed at 55% and 65% NG 
substitution levels. At 55% NG level it increases from 28.9% (NG) to 30.8% for a 
mixture having 24% CO2 and then decreases to 25.2% for a mixture having 70% CO2. 
At 65% NG level it increases up to 30% for a mixture having 43% CO2 and then 
decreases to 23% for a mixture having 61% CO2.
Figure 6.6 indicates that exhaust temperature, at all NG substitution levels, falls by 
about 28°C and then ingeases by about 15°C for an increase in CO2 in the gas mixture. 
Figures 6.7 and 6.8 indicate that CO and oxygen follow the same patterns as at engine 
speed 2000 rev/min in the section 6.1.1.
6.1.3 Part load performance
Part load tests for dual-fuel mode on the IDI diesel engine were conducted at 20 Nm 
(50% of the maximum load tested) and 30 Nm (75% of the maximum load tested) and 
at speeds 2000 rev/min and 2800 rev/min. NG substitution level was the maximum 
possible at the respective loads. To get a better understanding of the engine performance 
affected by load variation 40 Nm load performance is also indicated with the above 
loads in the following sections.
6.1.3.1 At 2000 rev/min
Test results shown in Figs 6.9,6.10,6.11 and 6.12 indicate the part load dual-fuel IDI 
performance at 2000 rev/min.
Figure 6.9 indicates that the overall efficiency is affected mainly by the load on the 
engine. At engine speed 2000 rev/min and load 20 Nm it falls from 24.6% (gasoil) to 
18.9% for 49% NG substitution and is not affected further by increase in CO2 in the 
gas mixture. At 30 Nm it falls from 27.6% (gasoil) to 24.5% for 42% NG substitution 
and at 40 Nm from 31% (gasoil) to 28.5% (NG) and further down to 27% for gas 
mixture.
As shown in Fig 6.10 the exhaust temperature at 20 Nm and 2000 rev/min increases 
from 215°C to 236°C for 49% NG and decreases to 233°C for the gas mixture. 
At 30 Nm it increases from 291°C to 309°C for 42% NG and then falls
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to 305°C for the gas mixture. At 40 Nm it increases from 390°C to 414°C for 45% 
NG and then increases further to 417°C for the gas mixture. CO as shown in Fig 
6.11 is affected mainly by the load. Oxygen as shown in Fig 6.12 is affected by 
load and gas mixture as well. It falls from 12.6% to 12.1% at 20 Nm for 49% NG 
and further to 11% for the gas mixture. At 30 Nm it falls from 10.3% to 9.6% for 
42% NG and further to 8.8% for the gas mixture. At 40 Nm it falls from 8.5% to 
7.4% for 45% NG and further to 6.2% for the gas mixture.
6.1.3.2 At 2800 rev/min
Test results shown in Figs 6.13,6.14,6.15 and 6.16 indicate the part load dual-fuel 
EDI performance at 2800 rev/min.
Figure 6.13 indicates that the overall efficiency is affected mainly by the load on the 
engine. At engine speed 2800 rev/min and load 20Nm it falls from 23.7% (gasoil 
only) to 18.9% for 56% NG substitution and is not affected further by increase in 
CO2 in the gas mixture. At 30 Nm it falls from 28% (gasoil only) to 23% for 75% 
NG substitution. At 40 Nm it increases from 28.9% (55% NG) to 30.8% for a 
mixture having 24% CO2 and then decreases to 25.2% for a mixture having 70% 
CO2.
As shown in Fig 6.14 the exhaust temperature at 20 Nm and 2800 rev/min 
increases from 290°C to 305°C for 56% NG and decreases to 303°C for the gas 
mixture. At 30 Nm it decreases from 379°C to 359°C for 75% NG and then 
increases to 372°C for the gas mixture. At 40 Nm it decreases from 493°C to 
462°C for 55% NG and then increases further to 510°C for the gas.mixture. CO 
as shown in Fig 6.15 is affected mainly by the load. Oxygen as shown in Fig 6.16 
is affected by load and gas mixture as well. It falls from 12.1% to 11.9% at 20 Nm 
for 56% NG and further to 10.7% for the gas mixture. At 30 Nm it falls from 9.5% 
to 9% for 75% NG and further to 7.2% for the gas mixture. At 40 Nm it falls from 
6.5% tto 6.4% for 55% NG and further to 3.9% for the gas mixture.
6.2 Dual-fuel DI performance on gaseous fuels
6.2.1 At 2000 rev/min and 40 Nm
Keeping in view, from chapter 5, the maximum NG substitution at 2000 rev/min and 
40 Nm load for DI dual-fuel performance, four NG substitution levels were selected
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at 34%, 53%, 68% and 74%. Then taking each level as 100%, NG was mixed with 
CO2 to vary the composition of the mixture. Using NG:C02 mixture for a range 
of 40:60 to 100:0 test results are shown in Figs 6.17,6.18,6.19 and 6.20.
Figure 6.17 shows the variation of overall efficiency with change in composition of 
the mixture at four NG substitution levels. It falls with NG substitution at all 
constant levels: at 34%, 53%, 68% and 74% NG substitution levels it falls from 
35.1% (gasoil) to 33.5%, 33.1%, 32% and 31.3% respectively. On mixing NG 
with CO2 efficiency is not affected much.
Figure 6.18 indicates that exhaust temperature at 2000 rev/min and 40 Nm is 
affected neither by NG substitution nor by the quality of the gas mixture. Gasoil 
exhaust temperature is 359°C. Figure 6.19 indicates that CO is affected mainly by 
NG substitution and not so much by the proportion of CO2 in the gas mixture.
Figure 6.20 indicates that oxygen in the exhaust gas analysis does not get affected 
much by NG substitution but decreases by the increase in CO2 in gas mixture. It 
falls slightly with NG substitution at constant levels: at 34%, 53%, 68% and 74% 
NG substitution levels it falls from 10% (gasoil) to 9.8%, 9.5%, 9.5% and 9.3% 
respectively. On mixing NG with CO2 oxygen decreases further with increasing 
CO2 in the gas mixture: 34%, 53%, 68% and 74% NG substitution levels it 
decreases to 9.1%, 7.9%, 7.2% and 6.8% respectively.
6.2.2 At 2800 rev/min and 40 Nm
Keeping in view, 6om chapter 5, the maximum NG substitution at 2800 rev/min and 
40 Nm load for DI dual-fuel performance, four NG substitution levels were selected 
at 30%, 46%, 65%, and 80%. Then taking each level as 100%, NG was mixed with 
CO2 to vary the composition of the mixture. Using NG:C02 mixture for a range of 
40:60 to 100:0 test results are shown in Figs 6.21,6.22,6.23 and 6.24.
Figure 6.21 shows the variation of overall efficiency with change in composition of 
the mixture at four NG substitution levels. It falls with NG substitution at all 
constant levels: at 30%, 46%, 65% and 80% NG substitution levels it falls from 
36% (gasoil) to 33.2%, 32.6%, 31.2% and 31.1% respectively. On mixing NG 
with CO2 efficiency is not affected much.
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Figure 6.22 indicates that exhaust temperature at 2800 rev/min and 40 Nm is not 
affected much by NG substitution but is affected by the quality of the gas mixture. 
Gasoil exhaust temperature is 426°C. With gas mixture it rises to 435°C, 434°C, 
455°C and 463°C at the above NG substitution levels respectively. Figure 6.23 
indicates that CO is affected mainly by NG substitution and not so much by the 
proportion of CO2 in the gas mixture.
Figure 6.24 indicates that oxygen in the exhaust gas analysis is not affected much 
by NG substitution but decreases by the increase in CO2 in gas mixture. It risess 
slightly with NG substitution at constant levels: at 30%, 46%, 65% and 80% NG 
substitution levels it risess from 9.5% (gasoil) to 9.7%, 9.7%, 10.3% and 10.4% 
respectively. On mixing NG with CO2 oxygen decreases with increasing CO2 in 
the gas mixture: at 30%, 46%, 65% and 80% NG substitution levels it decreases to 
8.9%, 8.8%, 8.1% and 8.6% respectively.
6.2.3 Part load performance
Part load tests for the dual-fuel mode on the DI diesel engine were conducted at 20 
Nm and 30 Nm and at speeds 2000 rev/min and 2800 rev/min. NG substitution 
level was the maximum possible at the respective loads.
6.2.3.1 At 2000 rev/min
Test results shown in Figs 6.25,6.26,6.27 and 6.28 indicate the part load dual-fuel 
DI performance at 2000 rev/min.
Figure 6.25 indicates that the overall efficiency is affected mainly by the load on the 
engine. At engine speed 2000 rev/min and load 20Nm it falls from 27.9% (gasoil 
only) to 22.5% for 53% NG substitution and is not affected further by increase in 
CO2 in the gas mixture. At 30 Nm it falls from 33.7% (gasoil only) to 24.2% for 
76% NG substitution and at 40 Nm from 35.1% (gasoil only) to 31.3% for 74% 
NG substitution level and further is not affected by the gas mixture.
As shown in Fig 6.26 the exhaust temperature (247°C) at 20 Nm and 2000 rev/min 
is affected neither by NG nor by the quality of the gas mixture. At 30 Nm it 
increases from 306°C to 331°C for 76% NG and then increases further to 343°C 
for the gas mixture. At 40 Nm it is 359°C (gasoil only) and is not affected riiuch by 
NG or quality of the gas mixture. CO as shown in Fig 6.27 is affected mainly by
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the load. Oxygen as shown in Fig 6.28 is affected by load and gas mixture as well. 
It falls from 14% to 13.5% at 20 Nm for 53% NG and further to 11% for the gas 
mixture. At 30 Nm it falls from 10.3% to 9.6% for 42% NG and further to 8.8% 
for the gas mixture. At 40 Nm it falls from 8.5% tto 7.4% for 45% NG and further 
to 6.2% for the gas mixture.
6.2.3.2 At 2800 rev/min
Test results shown in Figs 6.29,6.30, 6.31 and 6.32 indicate the part load dual-fuel 
performance at 2800 rev/min.
Figure 6.29 indicates that the overall efficiency is affected mainly by the load on the 
engine. At engine speed 2800 rev/min and load 20 Nm it falls from 26.4% (gasoil) 
to 22.1% for 64% NG substitution and falls further to 19.7 by increase in CO2 in 
the gas mixture. At 30 Nm it falls from 34% (gasoil) to 26.8% for 76% NG 
substitution and falls further to 25.8% by increase in CO2 in the gas mixture. At 40 
Nm it decreases from 36% (80% NG) to 31.1% and further to 30% for the gas 
mixture.
As shown in Fig 6.30 the exhaust temperature at 20 Nm and 2800 rev/min 
increases from 269°C to 289°C for 64% NG and further to 296°C for the gas 
mixture. At 30 Nm it increases from 332°C to 364°C for 76% NG and further to 
398°C for the gas mixture. At 40 Nm it decreases from 426°C to 415°C for 80% 
NG and then increases to 463°C for the gas mixture. CO as shown in Fig 6.31 is 
affected slightly by load and quality of the gas mixture. Oxygen as shown in Fig 
6.32 is affected by load and gas mixture as well. It rises from 12.9% to 14% at 20 
Nm for 64% NG and the falls to 13% for the gas mixture. At 30 Nm it rises from 
11% to 912.2% for 76% NG and then falls to 10.5% for the gas mixture. At 40 
Nm it rises from 9.5% tto 10.4% for 80% NG and then falls to 8.6% for the gas 
mixture.
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Chapter 7
Combustion characteristics of dual-fuel engines
In this chapter the combustion characteristics of the dual-fuel IDI and DI diesel engines 
at selected test conditions are given in detail for the following test cases:
• baseline gasoil performance (chapter 4)
• baseline dual-fuel performance at various natural gas (NG) substitution levels 
(chapter 5)
• dual-fuel performance using gas mixture of varying quality (chapter 6)
Test conditions selected for both IDI and DI diesel engines are as follow:
• Engine speed 2000 rev/min and load 40 Nm ( four NG substitution levels)
• Engine speed 2000 rev/min and loads 20 Nm & 30 Nm ( one NG substitution
level)
• Engine speed 2800 rev/min and load 40 Nm ( four NG substitution levels)
• Engine speed 2800 rev/min and loads 20 Nm, 30 Nm ( one NG substitution
level)
7.1 Dual-fuel IDI diesel engine
7.1.1 Engine speed 2000 rev/min and load 40 Nm
This section gives the combustion characteristics of the IDI diesel engine at 2000 
rev/min and 40 Nm for four NG substitution levels of 22%, 37%, 45% and 58%.
Figures 7.1 (a) and (b) show the baseline characteristics for gasoil only and 22% NG 
level respectively. Figures 7.2 (a), (b) & (c) show the effect of varying the gas quality 
at various gas proportions of NG and carbon dioxide (CO2) at NG:C02 ratios (a) 3.5:1 
(78% :22 %), (b) 1:1.3 (43% : 57%) and (c) 1:3 (25% : 75%) respectively. Gasoil peak 
pressure 70 bar rises to 73 bar at 22% NG substitution level. With increasing 
proportion of CO2 at this NG level it lowers to 70 bar.
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Figures 7.3 (a) and (b) show the baseline characteristics for gasoil only and 37% NG 
level respectively. Figures 7.4 (a), (b) & (c) show the effect of varying the gas quality 
at various gas proportions of NG and carbon dioxide (CO2) at NG:C02 ratios (a) 9:1 
(90% : 10%), (b) 1:1.3 (43% : 57%) and (c) 1:3 (25% : 75%) respectively. Gasoil peak 
pressure 70 bar rises to 73 bar at 37% NG substitution level. Variation in the quality of 
the gas mixture makes peak pressure rise slightly further up to 75 bar.
Figures 7.5 (a) and (b) show the baseline characteristics for gasoil only and 45% NG 
level respectively. Figures 7.6 (a), (b) & (c) show the effect of varying the gas quality 
at various gas proportions of NG and carbon dioxide (CO2) at NG:C02 ratios (a) 5:1 
(83% : 17%), (b) 1:1.3 (43% : 57%) and (c) 1:2.3 (30% : 70%) respectively. Gasoil 
peak pressure 70 bar rises to 76 bar at 45% NG substitution level. Variation in the 
quality of the gas mixture makes peak pressure change to 77 bar, 76 bar and 73 bar at 
the above gas proportions respectively.
Figures 7.7 (a) and (b) show the baseline characteristics for gasoil only and 58% NG 
level respectively. Figures 7.8 (a), (b) & (c) show the effect of varying the gas quality 
at various gas proportions of NG and carbon dioxide (CO2) at NG:C02 ratios (a) 10:1 
(91% : 9%), (b) 1:1 (50% : 50%) and (c) 1:2 (33% : 67%) respectively. Gasoil peak 
pressure 70 bar rises to 83 bar at 58% NG substitution level. Variation in the quality of 
the gas mixture makes peak pressure change to 78 bar, 77 bar and 76 bar at the above 
gas proportions respectively. Peaks are observed getting sharper with increasing CO2 in 
the gas mixture.
7.1.2 Engine speed 2000 rev/min and part loads 20 Nm & 30 Nm
This section gives the combustion characteristics of the IDI diesel engine at 2000 
rev/min and part loads 20 Nm and 30 Nm for NG substitution levels of 49% and 42% 
respectively.
Figures 7.9 (a) and (b) show the baseline characteristics at 20 Nm for gasoil only and 
49% NG level respectively. Figures 7.10 (a) and (b) show the effect of varying the gas 
quality at various gas proportions of NG and carbon dioxide (CO2) at NG:C02 ratios 
(a) 1.5:1 (60% : 40%) and (b) 1:1.5 (40% : 60%) respectively. Gasoil peak pressure 
69 bar rises to 70 bar at 49% NG substitution level. Variation in the quality of the gas 
mixture makes peak pressure rise up to 72 bar at the above gas proportions respectively. 
Peaks are observed getting sharper with increasing CO2 in the gas mixture.
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Figures 7.11 (a) and (b) show the baseline characteristics at 30 Nm for gasoil only and 
42% NG level respectively. Figures 7.12 (a) and (b) show the effect of varying the gas 
quality at various gas proportions of NG and carbon dioxide (CO2) at NG:C02 ratios 
(a) 1.5:1 (60% : 40%) and (b) 1:1,5 (40% : 60%) respectively. Gasoil peak pressure 
75 bar falls to 74 bar at 42% NG substitution level. Variation in the quality of the gas 
mixture makes peak pressure fall to 73 bar at the above gas proportions respectively. 
Peaks are observed getting sharper with increasing CO2 in the gas mixture.
7.1.3 Engine speed 2800 rev/min and load 40 Nm
This section gives the combustion characteristics of the IDI diesel engine at 2800 
rev/min and 40 Nm for four NG substitution levels of 21%, 42%, 48% and 55%.
Figures 7.13 (a) and (b) show the baseline characteristics for gasoil only and 21% NG 
level respectively. Figures 7.14 (a), (b) & (c) show the effect of varying the gas quality 
at various gas proportions of NG and carbon dioxide (CO2) at NG:C02 ratios (a) 6:1 
(86% : 14%), (b) 1:1 (50% : 50%) and (c) 1:2 (33% : 67%) respectively. Gasoil peak 
pressure 57 bar rises to 60 bar at 21% NG substitution level. It is not affected much by 
gas composition variation.
Figures 7.15 (a) and (b) show the baseline characteristics for gasoil only and 42% NG 
level respectively. Figures 7.16 (a), (b) & (c) show the effect of varying the gas quality 
at various gas proportions of NG and carbon dioxide (CO2) at NG:C02 ratios (a) 8:1 
(89% : 11%), (b) 1:1 (50% : 50%) and (c) 1:2 (33% : 67%) respectively. Gasoil peak 
pressure 57 bar rises to 63 bar at 42% NG substitution level. Increasing CO2 in the gas 
mixture lowers peak pressure to 60 bar.
Figures 7.17 (a) and (b) show the baseline characteristics for gasoil only and 48% NG 
level respectively. Figures 7.18 (a), (b) & (c) show the effect of varying the gas quality 
at various gas proportions of NG and carbon dioxide (CO2) at NG:C02 ratios (a) 8:1 
(89% : 11%), (b) 1:1 (50% : 50%) and (c) 1:2 ( 33% : 67%) respectively. Gasoil peak 
pressure 57 bar rises to 68 bar at 48% NG substitution level. Increasing CO2 in the gas 
mixture lowers peak pressure to 60 bar.
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Figures 7.19 (a) and (b) show the baseline characteristics for gasoil only and 55% NG 
level respectively. Figures 7.20 (a), (b) & (c) show the effect of varying the gas quality 
at various gas proportions of NG and carbon dioxide (CO2) at NG:C02 ratios 
(a) 4.4:1 (81% : 19%), (b) 1:1 (50% : 50%) and (c) 1:2 (33% : 67%) respectively. 
Gasoil peak pressure 70 bar rises to 73 bar at 55% NG substitution level. Increasing 
CO2 in the gas mixture lowers peak pressure to 65 bar.
7.1.4 Engine speed 2800 rev/min and part loads 20 Nm & 30 Nm
This section gives the combustion characteristics of the IDI diesel engine at 2800 
rev/min and part loads 20 Nm and 30 Nm for NG substitution levels of 56% and 59% 
respectively.
Figures 7.21 (a) and (b) show the baseline characteristics at part load 20 Nm for gasoil 
only and 56% NG level respectively. Figures 7.22 (a), (b) and (c) show the effect of 
varying the gas quality at various gas proportions of NG and carbon dioxide (CO2) at 
NG:C02 ratios (a) 2:1 (67% : 33%), (b) 1:1 (50% : 50%) and (c) 1:2 (33% : 67%) 
respectively. Gasoil peak pressure 57 bar does not change by magnitude but it gets 
delayed by 2°. Variation in the quality of the gas mixture makes it change to 59 bar, 
57 bar and 54 bar at the above gas proportions respectively.
Figures 7.23 (a) and (b) show the baseline characteristics at part load 30 Nm for gasoil 
only and 59% NG level respectively. Figures 7.24 (a), (b) and (c) show the effect of 
varying the gas quality at various gas proportions of NG and carbon dioxide (CO2) at 
NG:C02 ratios (a) 2:1 (67% : 33%), (b) 1:1 (50% : 50%) and (c) 1:2 (33% : 67%) 
respectively. Gasoil peak pressure 57 bar rises to 67 bar at 75% NG substitution level 
and it gets delayed by 2° as well. Variation in the quality of the gas mixture makes it 
fall to 61 bar, 61 bar and 60 bar at the above gas proportions respectively.
7.2 Dual-fuel DI diesel engine
7.2.1 Engine speed 2000 rev/min and load 40 Nm
This section gives the combustion characteristics of the DI diesel engine at 2000 rev/min 
and 40 Nm for four NG substitution levels of 34%, 53%, 68% and 74%.
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Figures 7.25 (a) and (b) show the baseline characteristics for gasoil only and 34% NG 
level respectively. Figures 126  (a), (b) & (c) show the effect of varying the gas quality 
at various gas proportions of NG and carbon dioxide (CO2) at NG : CO2 ratios (a) 
1.5:1 (60% : 40%), (b) 1:1 (50% : 50%) and (c) 1:2 ( 33% : 67%) respectively. Gasoil 
peak pressure 80 bar does not change at 34% NG substitution level. With increasing 
CO2 at this NG level it lowers to 78 bar.
Figures 7.27 (a) and (b) show the baseline characteristics for gasoil only and 53% NG 
level respectively. Figures 7.28 (a), (b) & (c) show the effect of varying the gas quality 
at various gas proportions of NG and carbon dioxide (CO2) at NG:C02 ratios (a) 1.5:1 
(60% : 40%), (b) 1:1 (50% : 50%) and (c) 1:2 ( 33% : 67%) respectively. Gasoil peak 
pressure 80 bar does not change at 53% NG substitution level. With increasing CO2 at 
this NG level it lowers to 78 bar, 79 bar and 76 bar respectively.
Figures 7.29 (a) and (b) show the baseline characteristics for gasoil only and 68% NG 
level respectively. Figures 7.30 (a), (b) & (c) show the effect of varying the gas quality 
at various gas proportions of NG and carbon dioxide (CO2) at NG:C02 ratios (a) 1.5:1 
(60% : 40%), (b) 1:1 (50% : 50%) and (c) 1:1.8 ( 36% : 64%) respectively. Gasoil 
peak pressure 80 bar falls to 78 bar at 68% NG substitution level. With increasing 
CO2 at this NG level it lowers further to 78 bar, 79 bar and 76 bar respectively.
Figures 7.31 (a) and (b) show the baseline characteristics for gasoil only and 74% NG 
level respectively. Figures 7.32 (a), (b) & (c) show the effect of varying the gas quality 
at various gas proportions of NG and carbon dioxide (CO2) at NG:C02 ratios (a) 1.5:1 
(60% : 40%), (b) 1:1 (50% : 50%) and (c) 1:1.7 ( 37% : 63%) respectively. Gasoil 
peak pressure 80 bar falls to 76 bar at 74% NG substitution level. With increasing 
CO2 at this NG level it lowers further to 72 bar, 70 bar and 69 bar respectively.
7.2.2 Engine speed 2000 rev/min and part loads 20 Nm & 30 Nm
This section gives the combustion characteristics of the DI diesel engine at 2000 rev/min 
and part loads 20 Nm and 30 Nm for NG substitution levels of 76% and 53% 
respectively.
Figures 7.33 (a) and (b) show the baseline characteristics at part load 20 Nm for gasoil 
only and 76% NG level respectively. Figures 7.34 (a) and (b) show the effect of 
varying the gas quality at various gas proportions of NG and carbon dioxide (CO2) at
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NG:C02 ratios (a) 2:1 (67% : 33%) and (b) 1:2.7 (27% : 73%) respectively. Gasoil 
peak pressure 74 bar falls to 69 bar at 76% NG substitution level and lowers further to 
68 bar and 66 bar at the above gas proportions respectively.
Figures 135  (a) and (b) show the baseline characteristics at 30 Nm for gasoil only and 
53% NG level respectively. Figures 7.36 (a) and (b) show the effect of varying the gas 
quality at various gas proportions of NG and carbon dioxide (CO2) at NGrCOa ratios 
(a) 2:1 (67% : 33%) and (b) 1:1.3 (43% : 57%) respectively. Gasoil peak pressure 80 
bar falls to 78 bar at 76% NG substitution level and lowers further to 72 bar and 70 bar 
at the above gas proportions respectively.
7.2.3 Engine speed 2800 lev/min and load 40 Nm
This section gives the combustion characteristics of the DI diesel engine at 2800 rev/min 
and 40 Nm for four NG substitution levels of 30%, 46%, 65% and 80%.
Figures 7.37 (a) and (b) show the baseline characteristics for gasoil only and 30% NG 
level respectively. Figures 7.38 (a), (b) & (c) show the effect of varying the gas quality 
at various gas proportions of NG and carbon dioxide (CO2) at NG:C02 ratios (a) 2:1 
(67% : 33%), (b) 1:1 (50% : 50%) and (c) 1:2 (33% : 67%) respectively. Gasoil peak 
pressure 75 bar falls to 73 bar at 30% NG substitution level. Increasing CO2 in the gas 
mixture lowers it to 71 bar.
Figures 7.39 (a) and (b) show the baseline characteristics for gasoil only and 46% NG 
level respectively. Figures 7.40 (a), (b) & (c) show the effect of varying the gas quality 
at various gas proportions of NG and carbon dioxide (CO2) at NG:C02 ratios (a) 1.7:1 
(63% : 37%), (b) 1:1 (50% : 50%) and (c) 1:2 (33% : 67%) respectively. Gasoil peak 
pressure 75 bar falls to 72 bar at 46% NG substitution level. Increasing CO2 in the gas 
mixture lowers it to 71 bar.
Figures 7.41 (a) and (b) show the baseline characteristics for gasoil only and 65% NG 
level respectively. Figures 7.42 (a), (b) & (c) show the effect of varying the gas quality 
at various gas proportions of NG and carbon dioxide (CO2) at NG:C02 ratios 
(a) 1.8:1 (64% : 36%), (b) 1:1 (50% : 50%) and (c) 1:2 (33% : 67%) respectively. 
Gasoil peak pressure 75 bar rises to 66 bar at 65% NG substitution level. Increasing 
CO2 in the gas mixture lowers it to 65 bar.
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Figures 7.43 (a) and (b) show the baseline characteristics for gasoil only and 80% NG 
level respectively. Figures 7.44 (a), (b) & (c) show the effect of varying the gas quality 
at various gas proportions of NG and carbon dioxide (CO2) at NG:C02 ratios (a) 
2.2:1 (69% : 31%), (b) 1:1 (50% : 50%) and (c) 1:1.4 (42% : 58%) respectively. Gasoil 
peak pressure 75 bar rises to 66 bar at 30% NG substitution level. Increasing CO2 in 
the gas mixture lowers it to 57 bar, 56 bar and 60 bar respectively.
7.2.4 Engine speed 2800 rev/min and part loads 20 Nm & 30 Nm
This section gives the combustion characteristics of the DI diesel engine at 2800 rev/min 
and part loads 20 Nm and 30 Nm for NG substitution levels of 64% and 75% 
respectively.
Figures 7.45 (a) and (b) show the baseline characteristics at part load 20 Nm for gasoil 
only and 64% NG level respectively. Figures 7.46 (a), (b) and (c) show the effect of 
varying the gas quality at various gas proportions of NG and carbon dioxide (CO2) at 
NG:C02 ratios (a) 2.3:1 (70% : 30%), (b) 1:1 (50% : 50%) and (c) 1:2 (33% : 67%) 
respectively. Gasoil peak pressure 64 bar falls to 55 bar at 64% NG substitution level. 
Increasing CO2 in the gas mixture lowers it to 53 bar.
Figures 7.47 (a) and (b) show the baseline characteristics at part load 30 Nm for gasoil 
only and 75% NG level respectively. Figures 7.48 (a), (b) and (c) show the effect of 
varying the gas quality at various gas proportions of NG and carbon dioxide (CO2) at 
NG : CO2 ratios (a) 2:1 (67% : 33%), (b) 1:1 (50% : 50%) and (c) 1:1.5 (40% : 60%) 
respectively. GasoU peak pressure 68 bar falls to 58 bar at 75% NG substitution level. 
Increasing CO2 in the gas mixture lowers it to 57 bar.
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Chapter 8
Discussion
The current research addressed the effect of quality of gaseous fuels on performance 
and combustion of dual-fuel DI and IDI diesel engines. The quality of the gaseous 
fuels was changed by selecting various proportions of gas mixture comprising of 
natural gas (94% methane, 34.8 MJ/m^) and carbon dioxide. The small stationary 
diesel engine was selected as the test engine because this research was based on a 
wider context of investigation of possibilities for using gaseous fuels of varying 
methane content for diesel engines in the rural population of a large country like India. 
The small stationary diesel engine plays a vital role in the livelihood of this rural 
population as they use it for irrigation of their fields, grain milling and small scale 
electrical power generation. Though India imports oil by paying a major part of its 
foreign exchange, yet it has subsidised the diesel price as compared to petrol. Petrol 
price is more than twice than that of diesel. The main reason of this subsidy to diesel 
lies in its heavy consumption in the public transport system and agriculture related 
applications. Any price rise in diesel affects a lot to the poor and rural people of India 
but now this subsidy is being withdrawn gradually. Thus the alternative indigenous 
resources like biogas, sewage gas and landfill gas produced economically are getting 
more awareness for their end use from the public and the government's energy 
agencies. The current research addressed gaseous fuels equivalent to these alternatives 
as India has a great potential in these resources.
8.1 Baseline performance on gasoil
Initially the baseline performance on gasoil was carried out for later comparison with 
performance on dual-fuel modes.
8.1.1 The DDI diesel engine
The baseline performance of the IDI engine, as shown in Figs 4.2 (a) and (b), 
compared closely with manufacture’s standard performance for torque and power 
respectively. The brake specific fuel consumption (bsfc) obtained in the author’s tests 
was 3-4% lower than the manufacturer’s results in most of the speed range as shown
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in Fig 4.2 (c). Comparison of rated and actual fuel consumption shown in Table 4.1 
at chosen speeds 2000 rev/min and 2800 rev/min and loads 50%, 75% and 100% for 
IDI engine was found satisfactory. The overall reduction in bsfc as shown in Fig 4.2 
(c) is associated with a reduction in exhaust temperature in the author’s results as 
shown in Fig 4.2 (d). It was 490°C at 12.08 kW in author’s results and was 508°C in 
manufacturer’s results.
8.1.2 The DI diesel engine
The baseline performance on gasoil for this engine was compared with the rated 
performance curves of the same engine (51) as the actual performance was not 
available from the manufacturer. Fig 4.3 shows the comparison of results. It was 
possible to get 90% of the rated power and torque on the test engine. Table 4.2 
indicates that the fuel consumption for DI version of the Alpha series used in this 
research compared closely with the rated fuel consumption at chosen test speeds of 
2000 rev/min and 2800 rev/min at 100%, 75% and 50% loads.
8.1.3 Comparison of IDI and DI baseline gasoil performance
Table 8.1 shows the comparison of IDI and DI baseline gasoil performance at same 
speeds and loads. The overall efficiency of DI engine is higher than that of IDI engine 
at all the tests performed.
Table 8.1 Baseline gasoil performance comparison
Test condition EDI gasoil performance DI gasoil performance
Overall Exhaust Overall Exhaust
efficiency % temp. C efficiency % temp. C
2000 rev/min, 40 Nm 31.3 390 35.1 359
2000 rev/min, 30 Nm 27.6 291 33.7 306
2000 rev/min, 20 Nm 24.6 215 27.9 247
2800 rev/min, 40 Nm 28.8 509 36 426
2800 rev/min, 30 Nm 28 379 34 332
2800 rev/min, 20 Nm 23.7 290 26.4 269
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This is associated with lower fuel consumption and lower exhaust temperature in the 
case of DI engine. For part loads at 2000 rev/min DI exhaust temperature obtained 
more than that of the IDI was thought to be due to more heat taken by the cooling 
water in the IDI engine.
8.2 Dual-fuel performanœ using NG
As mentioned before in chapter 5 the aim of this test was to give a basis for the 
comparison of baseline dual-fuel performance at various natural gas substitution levels 
ranging from zero to a maximum value limited by knocldng, with that of gaseous fuels 
of varying quality while keeping each of the respective NG substitution levels constant
8.2.1 The IDI diesel engine
Figures 5.1,5.2 and 5.3 indicate the dual-fuel performance results using NG in the 
IDI diesel engine at speeds 2000 rev/min and 2800 rev/min and load 40 Nm. To get 
more details about the performance behaviour overall efficiency and exhaust 
temperature at 2000 rev/min & 2800 rev/min and load 40 Nm are given in Tables 8.2 
and 8.3 respectively. 0% NG level in these Tables indicates performance using gasoil 
only. Summarising the results it is found that the overall efficiency decreases with 
increase in NG at 2000 rev/min and is not affected much at 2800 rev/min. This 
decrease is in line with our expectation as with higher gas substitution a greater 
proportion of air is replaced by gas resulting in lower volumetric efficiency and hence 
in less power.
Table 8.2 IDI dual-fuel (gasoil & NG) performance at 2000 rev/min and 40 Nm
NG substitution 
level %
IDI dual-fuel performance 
at 2000 rev/min and 40 Nm
Overall 
efficiency %
Exhaust 
temperature C
0 31.3 390
22 29.7 412
37 27.8 428
45 28.5 414
58 282 382
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Initially exhaust temperature increases with NG substitution and then decreases with 
higher NG. This behaviour is thought to be the result of (i) all primary combustion 
taking place in the chamber in straight diesel mode; (ii) in dual-fuel mode some 
combustion occurring in main chamber as well; (iii) faster burning at higher NG 
substitution which completes earlier and results in expansion over the larger part of the 
stroke.
Table 8.3 IDI dual-fuel (gasoil & NG) performance at 2800 rev/min and 40 Nm
NG substitution 
level %
IDI dual-fuel perfonnance 
at 2800 rev/min and 40 Nm
Overall 
efficiency %
Exhaust 
temperature C
0 28.8 509
21 27.9 482
42 28.9 479
48 28.9 478
55 30 482
Fig 5.3 indicates that carbon monoxide increases with increase in NG at all levels. This 
might be owing to the dissociation of CO2 into CO and reduction of air-fuel ratio by 
replacement of air with gas.
8.2.2 The DI diesel engine
Figures 5.4,5.5 & 5.6 indicate the dual-fuel performance results using NG in the DI 
diesel engine at speeds 2000 rev/min and 2800 rev/min and load 40 Nm. To get more 
details about the performance behaviour, overall efficiency and exhaust temperature at 
2000 rev/min & 2800 rev/min and load 40 Nm are given in Tables 8.4 and 8.5 
respectively.
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Table 8.4 DI dual-fuel (gasoil & NG) performance at 2000 rev/min and 40 Nm
NG substitution 
level %
DI dual-fuel performance 
at 2000 rev/min and 40 Nm
Overall 
efficiency %
Exhaust 
temperature C
0 35.1 359
33 33.5 355
53 33.1 354
68 32.0 350
74 31.3 351
Summarising the results it is found that the overall efficiency decreases with increase in 
NG at all the test conditions. Exhaust temperature decreases slightly with increase in 
NG substitution and further it is observed that this decrease is less than that obtained 
on IDI engine at similar conditions. Fig 5.6 indicates that carbon monoxide increases 
with increase in NG at all levels and this increase is less than that obtained on IDI 
engine at similar conditions. This indicates that the conditions of combustion are 
closer for straight diesel and dual-fuel mode in the DI engine.
Table 8.5 DI dual-fiiel (gasoil & NG) performance at 2800 rev/min and 40 Nm
NG substitution 
level %
DI dual-fuel performance 
at 2800 rev/min and 40 Nm
Overall 
efficiency %
Exhaust 
temperature C
0 36 426
29 33.2 427
46 32.6 422
65 31.2 420
80 31.1 415
8.3 Dual-fuel performance using gaseous fuels of varying 
quality
As mentioned before in chapter 6 the aim of this test was to compare dual-fuel 
performance using gaseous fuels with performance on gasoil alone and also to 
examine the changes in dual-fuel performance between using (a) natural gas and (b) 
various compositions of gaseous fuels.
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8.3.1 The IDI diesel engine @ 2000 rev/min and 40 Nm
Figures 6.1,6.2,6 3  and 6.4 show the IDI dual-fiiel performance at 2000 rev/min and 
40 Nm at four chosen NG substitution levels for the parameters namely overall 
efficiency, exhaust temperature, carbon monoxide and oxygen respectively. The detail 
of various points for the overall efficiency and exhaust temperature is given in the 
Table 8.6. Figure 63  indicates that CO is affected mainly by NG substitution and 
not so much by the proportion of CO2 in the gas mixture. Figure 6.4 indicates that 
oxygen in the exhaust gas analysis gets affected by NG substitution as well as by the 
increase in CO2 in gas mixture. It falls with NG substitution at all constant levels and 
falls further with increasing CO2 in the gas mixture.
Table 8.6 IDI dual-fiiel (gasoil & gas mixture) performance at 2000 rev/min and 
40 Nm
Gas proportion 
NG : CO2
Overall efficiency /  % Exhaust temperature /  °C
at constant NG substitution levels / %
22 37 45 58 2 2 37 45 58
100 :0 29.7 27.8 28.5 28.2 412 428 414 382
70 : 30 29.7 27.8 27.6 27.2 416 422 417 395
50 : 50 29.6 27.9 27.4 26.3 416 423 421 407
45 : 55 29.7 27.7 27 26.1 413 425 419 408
8.3.2 The DDI diesel engine @ 2800 rev/min and 40 Nm
Figures 6.5,6.6,6.7 and 6.8 show the IDI dual-fuel performance at 2800 rev/min and 
40 Nm at five chosen NG substitution levels for the parameters namely overall 
efficiency, exhaust temperature, carbon monoxide and oxygen respectively. The detail 
of various points for overall efficiency and exhaust temperature is given in the 
Table 8.7. It is observed that efficiency is not affected by increase in CO2 in the gas 
mixture for NG substitution level 21%. For further higher NG levels efficiency drops 
with increase in CO2. Exhaust temperature increases with CO2 increase in the gas 
mixture at all NG substitution levels as the combustible mixture is more diluted by 
inert gas which delays the peak temperature.
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Table 8.7 IDI dual-fuel (gasoil & gas mixture) performance at 2800 rev/min and 
40 Nm
Gas proportion 
NG : CO2
Overall efficiency /  % Exhaust temperature /  °C
at constant NG substitution levels/%  _
21 42 48 55 65 21 42 48 55 65
100:0 27.9 28.9 28.9 30 27.8 482 493 484 462 482
65:35 27.9 28.6 28.4 29.7 — 492 495 484 461 -
50:50 27.6 27.9 28.5 29.3 26.3 494 502 485 476 493
35:65 27.8 27.4 26.8 25.2 24.8 497 508 487 510 494
Figure 6.7 indicates that CO is affected mainly by NG substitution and not so much 
by the proportion of CO2 in the gas mixture. Figure 6.8 indicates that oxygen in the 
exhaust gas analysis gets affected by NG substitution as well as by the increase in 
CO2 in gas mixture. It falls with NG substitution at all constant levels and falls further 
with increasing CO2 in the gas mixture.
8.3.3 The EDI part load performance
As explained in section 6.1.3 part load dual-fuel IDI performance at 2000 rev/min and 
2800 rev/min is shown in Figs 6.9 to 6.16 for the parameters namely overall efficiency, 
exhaust temperature, carbon monoxide (CO) and oxygen respectively. These 
parameters are affected mainly by load variation and NG variation but not by CO2 
variation. The main aim of this test was to check the feasibility and range of part load 
performance at two chosen speeds for the maximum NG substitution limited by 
knocking.
8.3.4 The DI diesel engine @ 2000 rev/min and 40 Nm
Figures 6.17,6.18,6.19 and 6.20 show the DI dual-fuel performance at 2000 rev/min 
and 40 Nm at four chosen NG substitution levels for the parameters namely overall 
efficiency, exhaust temperature, carbon monoxide and oxygen respectively. The detail 
of various points for overall efficiency and exhaust temperature is given in the Table
8.8. It is observed that efficiency is not affected by increase in CO2 in the gas mixture 
for NG substitution levels up to 37%. For further higher NG levels of 45% and 58% 
efficiency drops with increase in CO2. Exhaust temperature is not affected as much
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with CO2 increase as with increase in NG substitution levels up to 45%. At 58% NG 
level it increases from 382°C to 408°C for 55% CO2 in the gas mixture.
Table 8.8 DI dual-fiiel (gasoil & gas mixture) performance at 2000 rev/min and 
40 Nm
Gas proportion 
NG : CO2
Overall efficiency /  % Exhaust temperature /  °C
at NG substitution levels /  %
34 53 68 74 34 53 66 74
100 :0 33.5 33.1 32 31.3 355 354 350 351
60 : 40 34.2 32.6 31.7 31.2 354 353 353 356
50 : 50 34.3 32.7 31.6 31.1 354 354 352 361
33 : 67 34.2 32.6 31.6 31.9 355 359 360 364
Figure 6.19 indicates that CO is affected mainly by NG substitution and not so much 
by the proportion of CO2 in the gas mixture. Figure 6.20 indicates that oxygen in the 
exhaust gas analysis gets affected by NG substitution as well as by the increase in 
CO2 in gas mixture. It falls with NG substitution at all constant levels and falls further 
with increasing CO2 in the gas mixture because of the lower air fiiel ratio in both cases.
8.3.5 The DI diesel engine @ 2800 rev/min and 40 Nm
Figures 6.21, 6.22, 6.23 & 6.24 show the DI dual-fuel performance at 2800 rev/min 
and 40 Nm at four chosen NG substitution levels for the parameters namely overall 
efficiency, exhaust temperature, carbon monoxide and oxygen respectively. The detail 
of various points for overall efficiency and exhaust temperature is given in the Table
8.9. It is observed that efficiency is not affected by increase in CO2 in the gas mixture 
for NG substitution levels up to 37%. For higher NG levels of 45% and 58% 
efficiency drops with increase in CO2. Exhaust temperature is not affected as much 
with CO2 increase as with increase in NG substitution levels up to 45%. At 58% NG 
level it increases from 382°C to 408°C for 55% CO2 in the gas mixture. Figure 6.23 
indicates that CO is affected mainly by NG substitution and not so much by the 
proportion of CO2 in the gas mixture. Figure 6.24 indicates that oxygen in the 
exhaust gas analysis gets affected by NG substitution as well as by the increase in 
CO2 in gas mixture. It falls with NG substitution at all constant levels and falls further 
with increasing CO2 in the gas mixture.
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Table 8.9 DI dual-fiiel (gasoil & gas mixture) performance at 2800 rev/min and
40 Nm
Gas proportion 
NG : CO2
Overall efficiency /  % Exhaust temperature /  °C
at NG substitution levels /  % -
30 46 65 80 30 46 65 80
100 :0 33.2 32.6 31.2 31.1 427 422 420 415
65 : 35 33.4 32.6 31.2 30.4 432 425 428 430
50 : 50 33.1 32.2 30.8 30.3 434 429 435 443
33 : 67 33 32.1 30.5 30 435 434 455 463
8.3.6 The DI part load performance
As explained in section 6.2.3 part load dual-fuel DI performance at 2000 rev/min and 
2800 rev/min is shown in Figs 6.25 to 6.32 for the parameters namely overall 
efficiency, exhaust temperature, carbon monoxide (CO) and oxygen respectively. 
These parameters are affected mainly by load variation and NG variation but not by 
CO2 variation. The lower limit of load sustainable at high NG substitution was not as 
low as in the IDI engine, presumably because the very small amount of liquid fuel is in 
a more concentrated volume in the IDI engine giving better combustion conditions.
8.4 Combustion characteristics of the dual-fuel engines
In this research work, as explained in chapter 7, in-cylinder pressure diagrams for the 
dual-fuel IDI and DI diesel engines are taken to examine the effects of quality of 
gaseous fuels on combustion.
8.4.1 The dual-fuel IDI diesel engine
At 2000 rev/min and 40 Nm it is observed that the peak pressure rises with increase in 
NG substitution level and falls with increase in CO2 in the gas mixture (section 7.1.1). 
It rises from 70 bar (gasoil only) to 83 bar at 58% NG substitution level (Fig 7.7) and 
falls to 76 bar for gas mixture of NG and CO2 at a proportion of 33:67 respectively at 
the same NG level (Fig 7.8). The increased CO2 lowers the peak pressure as it 
absorbs part of the energy. Peaks are observed to be getting sharper with increasing 
CO2 in the gas mixture. For part loads at 2000 rev/min peak pressure is not affected 
much by the quality of the gas (section 7.1.2).
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At 2800 rev/min and 40 Nm the peak pressure followed the same pattern with variation 
in the gas quality as at 2000 rev/min except the gasoil only pressure (57 bar) was lower 
(section 7.1.3). It rises from 57 bar (gasoil only) to 70 bar at 55% NG level (Fig 7.19) 
and then falls to 65 bar for gas mixture of NG and CO2 at a proportion of 33:67 
respectively (Fig 7J&0). The lower peak pressures in the figures at 2800 rev/min are 
expected as a result of the increased total fuel demand and consequently longer 
injection period. In Fig 8.1 the injection period for gasoil only, 
1-2, is compared with that for 60% NG in dual-fuel mode, r-2*. Secondly at the 
higher speed the combustion period occupies a greater crank angle range for the same 
time. These effects combine to flatten the P-0 diagram in the region of TDC.
r  X
4.
100% gasoil Dual fuel:
40% gasoil, 60% NG
Fig 8.1 Illustration of effect of dual-fuel operation on injection period
For part load 20 Nm the peak pressure is not affected by the quality of the gas but it 
gets delayed (section 7.1.4). For part load 30 Nm it increases from 57 bar to 67 bar 
for 59% NG level (Fig 7.23) and then falls to 65 bar for the gas mixture having 67% 
CO2 (Fig 7.24). Pressure oscillation was observed at gas mixture having 50% CO2.
8.4.2 The dual-fuel DI diesel engine
At 2000 rev/min and 40 Nm the peak pressure falls slightly at higher NG substitution 
levels and falls further with increase in CO2 in the gas mixture (section 7.2.1). It falls 
from 80 bar (gasoil only) to 76 bar at 74% NG substitution level (Fig 7.31) and 
further to 69 bar for gas mixture of NG and CO2 at proportion of 37:63 respectively at 
the same NG level (Fig 7.32). Knocking is observed in the DI engine diagrams which 
was not the case in the IDI engine at full load. For part loads 20 Nm and 30 Nm at 
2000 rev/min the peak pressure follows the same pattern (section 7.2.2).
At 2800 rev/min and 40 Nm the peak pressure followed the same pattern for variation 
in the gas quality as at 2000 rev/min (section 7.2.3). It falls from 75 bar (gasoil only) 
to 66 bar at 80% NG level (Fig 7.43) and further to 65 bar for gas mixture of NG and
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CO2 at a proportion of 42:58 respectively (Fig 7.44). For part loads 20 Nm and 30 
Nm at 2000 rev/min the peak pressure follows the same pattern (section 7.2.4).
Karim et al (36,37, 38) have reported that the ignition delay period increased 
substancially as the concentration of CO2 was increased in fuel mixture of methane 
and CO2, and lower brake power and maximum cylinder pressure were generally 
produced for increased CO2 presence. This deterioration, however, was found reduced 
significantly at high loads. CO exhaust concentrations tended to increase throughout 
the whole range. Knocking problem in dual-fuel engine is also reported. They have 
done the above work on a single cylinder dual-fuel DI diesel engine producing 6 kW at 
constant speed of 1000 rev/min.
Author observed the similar trends for brake power, knocking and CO emissions. 
Ignition delay period was affected slightly. But cylinder pressure was found 
decreasing with increase in CO2 in the gas mixture in both the IDI and DI versions of 
the engine. This may be owing to higher speeds as the turbulence of the combustible 
mixture wül be affected by the increased diluent
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Chapter 9 
Conclusions
Summarizing the results obtained in the present research work the main concluding
points are given below.
• A satisfactory performance was obtained with gaseous fuels of varying quality 
(simulating biogas, sewage and landfill gases) on the DI and the IDI versions of the 
same diesel engine. This was verified at two typical engine speeds 2000 rev/min and 
2800 rev/min and load 40 Nm (i.e. up to about 90% rated power) for four natural gas 
(NG) substitution levels and further for varying proportions of NG and CO2.
• Part load performance was also investigated at 20 Nm and 30 Nm (additionally at 10 
Nm for IDI) for one NG level and varying proportions of NG and CO2.
• Maximum NG substitution achieved in the IDI diesel engine was 60% and in the DI 
engine it was 80%, both limited by knock.
• Maximum CO2 added in the gas mixture was up to 67%, also knock-limited.
• Overall efficiency for the dual-fuel IDI diesel engine with respect to straight diesel:
(i) drops by 10% at 2000 rev/min and 40 Nm for the maximum NG 
substitution only and 16.5% for the maximum C02in the gas mixture
(ii) shows no change at 2800 rev/min and 40 Nm for the maximum NG 
substitution only and 14% for maximum CO2 in the gas mixture
• Overall efficiency for dual-fuel DI diesel engine with respect to straight diesel 
drops by:
(i) 11% at 2000 rev/min and 40 Nm for the maximum NG substitution only 
and 10% for the maximum CO2 in the gas mixture
(ii) 13.5% at 2800 rev/min and 40 Nm for the maximum NG substitution 
only and 17% for maximum CO2 in the gas mixture
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• Exhaust temperature at the maximum NG level is lower than that of the straight 
diesel in both engines and it increases with CO2 increase in the gas mixture.
• Carbon monoxide increases with increase in NG substitution in both engines and is 
not much affected by the increase in CO2 in the gas mixture.
• Peak pressure increases with NG substitution in the IDI engine and decreases in the 
DI engine and with CO2 addition in the gas mixture it decreases in both engines.
• Sharper pressure peaks were observed with CO2 addition in the gas mixture.
• Ignition delay period is increased slightly in the IDI engine compared with diesel 
operation but is hardly affected at all in the DI engine.
Further research work is recommended to supplement what has been achieved in the
research reported above in the following areas:
• more detailed exhaust gas and particulate analysis
• noise level and frequency analysis
• optimisation of injection timing for dual-fuel operation on each mixture
• long-term tests for durability of all the components which may be affected by the 
presence of corrosive substances in some gases used in dual-fuel operation
• effect of dual-fuel operation on lubricating oil and service span.
In conclusion, effects of the quality of gaseous fuels on the performance 
and combustion in small IDI and DI diesel engines are established which 
will make a significant contribution in taking wise decisions for the use in 
dual-fuel diesel engines of a variety of gaseous fuels available in various 
parts of the world.
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Appendix A
Torque calibration
For torque calibration a moment arm as shown below was used. Calibration table for 
the displayed and applied torque is also given below. Percentage error obtained was ±  
0.2 - 1.0%.
D isplayed torque A pplied tore
(Nm) (Nm)
0.57 0.60
4.01 4.00
7.47 7.40
10.92 10.85
14.26 14.20
17.69 17.60
21.10 21.00
24.50 24.40
34.70 34.60
38.20 38.00
41.50 41.40
44.90 44.80
weight hung 
from heretorquemeter shaft 0.17 m
Moment aim used to calibrate torquemeter
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Appendix B
Encoder and revolution counter calibration
Actual engine speed 
Engine speed corresponding to 
HAMEG oscilloscope 
Percent Error
1400 lev/min
1388 rev/min and 1412 lev/min 
+ 0.8 %
D A T E :  2 2 . 0 2 . 1 9 9 5
T I M E :  1 1 : 3 6
SIGNALPARAMETER:
CH2  -  V O L T S / D I V :
T I M E E A S E - S E C / D I V :
PRIMTERPARAMETER: '
2 0 0 M R A M G E  -  C H 2 : 0 - 9  
E V A L U A T I O N  -  C H 2 : 0
REMARKS:
I n s t r u m e n t s
D A T E :  2 2 . 0 2 . 1 9 9 5
T I M E :  1 1 : 5 2
SIGNALPARAMETER:
I'
PRINTERPARAMETER:
l i l i a  i i i i "
REMARKS:
I n s t r u m e n t s
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Appendix C.l
Data acquisition system
This system requires the use of two software applications
• The DAS-1202 software
• Microsoft Excel
The DAS-1202 data acquisition board is a multi-function analog and digital 
interface board It can be installed directly into a computer expansion slot, turning the 
computer into a fast precise, data acquisition and signal analysis instrument It offers 
8 or 16 channel inputs through a multiplexer with a 12-bit resolution at a sampling rate 
of 100 k samples per second.
The DAS-1202 pop up control panel consists of four sub-panels, as follows:
• The analog panel
• The digital panel
• The contrO panel
• The file panel
Only two panels are important to this project, the analog and file panels. The features 
and operation of these panels are outlined below.
rigO/D SaoeData
::::C h-G T
:‘t :G 1
 :Ch~GT
XXXXXÎ4 i
n its ii’T  1 XXXXX;5 1 XXXXX 9  1
in  .2 1 XXXXX 6  1 XXXXX. 10 1
 U::3 1 XXXXX I? 1 xxxxx-11 i
 . Ch—Gn .
XXXXX 8  1 XXXXX
 9   XXXXX
. 10  XXXXX 
XXXXX 11 1 XXXXX
Ch—Gn----------
12 1 XXXXX
13 1 XXXXX
14 1 XXXXX
15 1 XXXXX
Analog panel
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The analog menu that appears along the top of the panel contains four selectable 
options, as follows:
Keyboard This option switches to keyboard control of the Pop Up Control Panel. In this 
mode, follow the instructions along the bottom of the panel to make changes 
to the Analog Panel Controls. Press <Esc> to exit this mode.
Digital - accesses the Digital Panel.
TrigA/D - triggers an A/D acquisition of 1000 samples at 1 degree intervals. The 
blinking * next to TrigA/D indicates the data-acquisition process is underway. 
Click on TrigA/D* to cancel the process. The system counts approximately 
1000 revolutions before triggering the process.
Savedata - saves the data to a file whose name, path and characteristics are set using the 
File Panel.
D ftS -1 2 9 1 HELPCflLT H): Keyboard Analog CntrO Digital
_.= F i ie  Mane: 
C:\DAS1600\DAS1600.DAT
ASCII I;; ; jOuerurite 
Append
File panel
The file panel menu appears along the top of the panel and contains four options, as 
follows:
Keyboard This option switches to keyboard control of the Pop Up Control Panel. In this 
mode, follow the instructions along the bottom of the panel to make changes 
to the Analog Panel Controls. Press <EsO to exit this mode.
Analog - accesses the Analog Panel.
CntrO - accesses the CntrO Panel.
Digital - accesses the Digital Panel.
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ADC output data
An analogue-to-digital converter converts a continuous analogue signal into a set of 
discrete levels which are assigned a binary code.
The DAS-1202 data acquisition board incorporates a 12-bit ADC, which will give a 
resolution of 1 part in 4096 (2^^). The input range for the ADC is + 5 volt therefore 
the analogue input signal (± 5 v ) is assigned a binary code with 0 representing -5 v 
and 4095 representing +5 volt. The following equation is used to determine the 
voltage that corresponds to the binary number:
rCbinarv number - 20481 * - Vminll
4096
M K  Makkar. PhD Thesis. April 1997.
Appendices 146
The purpose of this User’s Guide is to outline the sequence of operations required to use the 
DAS-1200 software and the Microsoft Excel application to gather useable data from the 
transducer equipment fitted to the engine. The first part deals with the DAS-1200 dati 
acquisition software, the second section deals with the spreadsheet software.
DAS-1200 Data Acquisition Software
The computers AUTOEXEC.BAT file has been altered to load the necessary drivers (Vl.EXl 
& PDAS 1600) automatically with each computer boot-up. This will leave the computer read; 
to use with the Pop Up Control Panel on the screen.
Important Hot-Kev Combinations.
These hot-key combinations generally facilitate the most frequently used functions.
Alt + F5 Use these keys to show and hide the Pop Up Control Panel.
Alt + H Use these keys to show the Help Panel.
The opening panel is the Analog Panel which allows you to adjust/monitor the analog inpi 
operations. The following sequence of operations sets up the panel for acquiring data from th 
engines in the required format.
• Use the mouse to click on the word Keyboard along the top of the screen to access tt 
panel. The instructions along the bottom of the panel detail how to make changes.
=> Use the Up and Down arrows to change setting.
=> Use the Tab key to move to next control.
=> Use Shift-Tab to move to previous control.
=> Use Esc key to exit keyboard mode.
• Set Clock to Ext.
• Set Trig to Ext.
• Set Acq.Type to Interrupt.
• Set Units to V (for volts, not mV).
• When Ch 3 is highlighted press the Return key. This closes all other channels.
• Press Esc to exit keyboard mode.
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Use the mouse to click on Digital, then CntrO, then File, to access the File Panel to adjust 
the File operations.
Use the mouse to click on Keyboard along the top of the screen to access the panel.
Set File Name to the name of the data file using a valid DOS path, e.g. 
C:\PR0JECT\DATA\TEST1 ,  (
• Set the data file Format to ASCII.
• Set the File Mode to either New, Overwrite or Append.
• Press Esc to exit keyboard mode.
•  Use the mouse to click on Analog to return to the Analog Panel.
The software is now set to acquire data. When the engine and equipment are also set up cany 
out the next set of operations:
• Use the mouse to click on TrigA/D to start the acquisition process. A blinking * next to
TrigA/D indicates the data acquisition process is underway (the symbol disappears at the
end of acquisition). Click TrigA/D* to cancel the process.
• Once acquisition has finished immediately click Savedata.
The data from the engine has now been acquired and saved to file. The next section details 
how to convert this data into a useable format and produce any necessary graphs.
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Microsoft Excel
Microsoft Excel must be run in a Windows environment. To enter Windows do the following:
• Press Alt+F5.
• Type win at the DOS prompt e.g. C:\>win 
You will now be in the Windows environment.
To open the Microsoft Excel application use the mouse to double-click the Microsoft Excel 
icon.
Firstly select the command ‘Data’ from the Tools menu on the menu bar. This will activate a 
macro which leads the user through the following sequence of operations:
i. Allows the User to enter the name of the file that he/she wants opening.
ii. Selects the data from the open file, opens the Template file and pastes the selected data 
into it.
iii. Deletes unnecessary sheets.
iv. The User enters data about the file, e.g. file name, date, fuel type, engine speed and 
engine load.
V. Establishes the crank angle corresponding to the maximum pressure.
vi. Formats the sheet.
vii. Allows the User to save the new data file.
The data from the engine is now in a numeric and graphic format from which any necessary 
information/conclusions can be derived.
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Appendix C.2
Pressure transducer details
Calibration sheet for Pressure Transducer
KaübrierbUtt 
FeuMle d'4Uionn«o«
Catbrabon «beat Piezo-tnstrumentationKISTLER
Druckaufnehmer 
Capteur de pression 
Pressure transducer Type 6 1 2 3  SN 3 0 1 5 0 3
Kalibnerter Bereich
Gamme étalonnée [bar]
Calibrated range 0...200 0..20 0...2
Belriebstemperaturttereicb
Gamme de temp, d utilisation fCJ -196_J50
Operating temperature range
EmptindlKbkeit
Sensibilité [pC/bar]
Sensitivity -16,9 -16,9 -16,9
Kaiibnen be.
Etalonne i  20 *0
Calibrated at by Sh Date 18.5.87
Linearitat _  
Linéarité <C±. % FSO
Linearity
0,3 0,3 0,3
Ibar = 10* N m-'= t.019._at = 14.50_.psi 
lat = 1 kp cm * = 1 kgt-cm-* = 0.960665 bar 
1psi = 0.06694._bar
-3 000
2 000 p
-1000
0 20 40 60 60 100 120 140 160 180 200
0 2 4 6 8 10 12 14 16 18 20
0 0.2 0.4 0.6 0.6 1 1.2 1.4 1.6 1.8 2
Abhèngigkeit <5«r EmpfirKjIkbkeK 
von Per Temperatur
Sensibilité en (onction 
<Je la température
Sensitivity versus temperature
3V.
300'200 '100 '
r — . m  i i  11 vn asm
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Piezo-Instrumentation ■ K IST L E R
larzkristail Druckaufnehmer, Mlnlatursonde 
p teur de pression à quartz, sonde miniature 
puartz Pressure Transducer, Miniature Probe
3.6123
Ed.
9.89
p .
1 ...2
i -
6123,6123A1,6123A2
WHJSter Miniatur-Dnjckaufnehmer für univer- 
ften  Einsatz in Vertxennungsmotoren. Wegen 
'ft widerstandsfàhigen Membran ist der 
^kaufnehmer sowohi lût rauhen und klopf- 
shen Betrieb als auch fùr Langzeitmessungen 
feignet. Für die meisten Anwendungen ist 
(asserkühking nicht notwendig.
Capteur de pression miniature rotiuste pour ap­
plications universelles dans moteurs à combus­
tion interne. A cause de sa memtjrane résistan­
te. le capteur convient aux conditions de fonc­
tionnement sévères et proches du cliquetis ain­
si que prxrr mesures de longue durée. Pour la 
plupart des applications le refroidissement à 
l'eau n'est pas nécessaire.
Miniature pressure transducer in rugged design 
for general application in internal combustion 
engines. Because of its resistant diaphragm, 
the transducer is suited for arduous operation 
close to knocking as well as for long time mea­
surements. For most applications water cooling 
is not necessary.
tchnische Oaten D onnées techniq ues Technical Data
Bereich Gamme Range bar 0...200
Kalltirierte Teill>ereiclie Gammes partielles étalonnées Calibrated partial ranges bar 0...20
bar 0...2
Ut>er1ast Surcftarge Overload bar 300
Empfindtichkeit SensltMllté Sensitivity pC/tiar —-16
Bgenfrequenz Fréquence propre Natural frequency kHz >100
UnearitâL allé Bereiche Linéarité, toutes les gammes Unearity, all ranges %FSO 5±1
Hysterese. alle Bereiche Hystérésis, toutes les gammes Hysteresis, all ranges %FSO 50.8
Beschleunigungsempfindlichkeit Sensibilité aux accélérations Acceleration sensitivity
axial axial axial bat/g <0.0015
quer transversal transverse bar/g <0.0003
Betriebstemperaturtierelch Gamme de température d'utilisation Operating temperature range *C -196 -  350
Thermlsche Empfindilchkeitsând. Décalage thermique de la sensibilité Thermal sensitivity shift
20 ... too "C 20-100  *C 20... 100*C % -± 1
20...350*C 20...350*C 20...350*C % 5 ±3.5
200 ±50*C 200 ±50*C 200 ±50*C % ~±1
Transient Temperaturfehler Erreur transitoire, due è la temp. Transient temperature error
(Propanflamme intermittie- (flamme au propane intermittente (Propane flame inter­
rend auf Fiorrt. 10 Hz) sur la surface frontale. 10 Hz) mittent on front. 10 Hz) t>ar < —0.6
kolaUonswiderstand Résistance d'isolement Insulation resistance
bei 20*C à 20 *C at 20 *C n Z10"
bei 350 *C à350*C at350*C n ZIO’o
^tossfestigkeit Résistance au choc Shock resistance g 2000
^nzugsmoment Couple de serrage Tightening torque Nm 10
Kapazltit Capacité Capacitance PF 8
kwse Masse Mass 9 10
îtecker, Keramik-Isolator Connecteur, isolateur céramique Plug, ceramic insulator Type 10-32 UNF
'b ar- 10* Pa (Pascal)- lO*N-m-» -  1.0197... at -  14.503... psi; 1 g  -  9.80665 m-s*»; 1 Nm -  0.73756... Ibfl; 1 g - 0.03527... oz
'*schrelbung Description Description
stuck des Aufnetwners ist das «polystable» 
zelement. welches selbst t>ei tiohen Tem- 
»furen und hoher mechanischer Beanspru- 
slctier gegen ZwiHingstiilduog is t Die 
ifindlichkeit des Aufnehmers bleibt zwi- 
120* _  350*C inneitialb von ±3.5%.
• apezJefl konstrWerte. patentierte Membran 
''l'ôgricht eine hohe Eigenfrequenz bei zu-
t_a partie centrale du capteur est l'élément -po- 
fystat>le» à cristal de quartz, qui est garanti 
contre la formation de jumeaux même & des 
températures et à des charges mécaniques éle­
vées. La sensitiilité du capteur reste dans la to­
lérance de ±3.5% entre 20* _. 350*C.
La membrane spécialement construite et bre­
vetée rend possible à la fois une fréquence
The central part of tfie transducer te a "Polys- 
table" quartz element, wtiich te safe against 
twinning even under fiigh mechanical load and 
high temperatures.The sensitivity of the trans­
ducer stays within a tolerance of ±3.5% over a 
temperature range of 20* _  350*C.
The specially designed, patented diaphragm 
guarantees a high natural frequency as we* as
H V  0 1 7 1  ( |< ;A  P h n - w f 7 i m A O -  C u m
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9.89 2
hoher WklerstarKlsfàhigkeit und guter 
tstabilitât. Der Aufnehmer hat ein Ge- 
) aus korrosionstestem CrNi-Stahl und ist 
( yerschweîsst. Kat>etanschhiss ütjer tem- 
sstândigen Keramikstecker.
^dung
J Aufnehmer kann dank seiner robusten 
Ivuktion ohne Kûhlung direkt tm Zylinder- 
^eingebaut werden. unter Verwendung der 
kgenippel Typ 6431.6432 resp. der Moota- 
^ n T y p  6433.6434.
Textremen Bedingungen wird der Einbau in 
«ühladapter Typ 6521 empfohien.
] Aufnehmer ist für langzeitmessungen ge- 
j«t. da ein Verkoken des Eint)auspalles nur 
 ^sehr minimale Empfindiichkeitsânderung 
^ t .
|6123 ist 1.8 mm kûrzer als Typ 6121. sonst 
^mit diesem einbaukompatibel.
^tagebelsp ie le
propre élevée, une grande résistance et une 
bonne stalxlité du point zéro. Le capteur possè­
de un txjîtier en acier Cr-Ni inoxydable et est 
soudé étanche. Le cible est fixé i  un connec­
teur en céramique résistant aux températures.
Application
Grâce à sa construction robuste, le capteur 
peut être incorporé directement dans la culas­
se du cylir>dre en employant les écrous de mon­
tage types 6431. 6432. resp. les douilles de 
montage types 6433.6434. Dans des conditions 
extrêmes, le montage dans Tadaptateur refroi­
di. type 6521. est recommandé.
Le capteur est destiné â des mesures de 
longue durée, puisque la cokéfaction de ta fente 
de montage ne provoque qu'une déviation mini­
male de ta sensibilité.
Le type 6123 est de 1.8 mm plus court que le 
type 6121. mais compatible au montage
Exemples de m ontage
a twgh resistivity and a good constancy of the 
zero point. The transducer ttas a housing of 
corrosion resistant Cr-Ni steel and is welded 
tight.The cat>le is fixed to a temperature-proof 
ceramic connector.
Application
Thanks to its rugged design, ttie transducer can 
directly t>e txrilt into the cylinder head when 
mounting nuts Type 6431. 6432 or mounting 
sleeves Type 6433.6434 are used.
Under extreme cortditions the mounting in the 
cooling adapter Tytje 6521 is recommended. 
The transducer is suited for long time measure 
ments. as a coking of the mounting slit cause: 
only a minimal sensitivity deviation.
Type 6123 is 1.8 mm shorter than Type 6121. bu 
compatible in mounting dimensions.
Mounting Examples
ES
4e6123A1
OUiS-
s
\ \
Typ 6 1 2 3 --------
\ e  6.3S
jpe6123A2
1; Direktmontage kn Zylinderkopf mit Nip- 
pel Typ 6431 Oder6432 
Montage direct dans la culasse du 
cytirtdre avec écrous type 6431 ou 6432 
Direct mounting in ttie cylinder tiead 
with nutsType 6431 or 6432
kbauwerkzeuge
Drehmomentschlûssel Typ 13718 mit 
SteckscWûsselTyp 1373 
Spezialbohrer Typ 1337 
Gewirxletjohrer Typ 1353 |M 10x1) 
Auszietiwerkzeug Typ 1317
îubehôr und Adapter
MontagehOlse Typ 6433A... Oder 6434A.„ 
mit O-fting Typ 1169 
Kohladapter Typ 8521 (M14x1.25) 
Cu-Oichtring Typ 1102A 
Hochtemperatur-AnscWusskabel 
Typ 16310... resp. 16350...
Fig2; Montage für lange Bohrungen Oder 
Durchführung durch WasserkanâJe 
Montage pour alésages profonds ou 
pour traversée de corxfuits d'eau 
Mounting in long txxings or feed- 
through in water channels
Outils de montage
-  Clé dynamométrique type 13718 avec clé 
à douille type 1373
-  Mèche spéciale type 1337
-  Taraud type 1353 (M lOx 1)
-  Outa extract eurtyfje 1317
Accessoires et adaptateurs
-  Douille de montage type 6433A...
ou 6434A... avec anneau *0“ type 1169
-  Adaptateur refroidi type 6521 (M14x1.25)
-  Joint de cuivre type 1102A
-  Câble de connexion pour hautes tempéra­
tures type 16310... resp. 16350...
nr
Typ 6521
p  ^ T y p  6123A 1  y — Typ M02A 
Typ 1111A
Fig.3; MontageimKühladapterTyp6521 fur/*: 
extreme Einsatzt>edingungen !
Montage dans l'adaptateur refroidi '• I 
type 6521 pour confiions extrêmes " < 
Mounting in cooSngadapiefType 6521 . 
for extreme operating conditions
Mounting Tools
-  Torque wrench Type 13718 with tutïular
socket wrench Type 1373
-  Special drilling tool Type 1337
-  Screw tap Type 1353 (M 1 0 x l) \^
-  Extraction tool Type 1317
Accessories and Adapters
-  Mounting sleeve Type 6433A... or 6434A.. 
with O-ring Type 1169
-  Oooling adapter Type 6521 (M14x1.25)
-  Oopper seal Type 1102A
-  Connecting cable for high temperatures 
Type 16310... resp. 16350...
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Dead Weight Pressure Tester Results
Actual pressure 
(bar)
0.69
6.91
13.82
18.66
25.57
32.48
39.39
46.30
53.21
60.13
80.85
87.77
101.59
Displayed pressure 
(bar)
0.70
6.70
13.73
18.37
25.30
32.40
39.40
46.30
53.10
60.10 
80.90 
88.10 
101.3
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Drawings for Pressure Transducer fitting
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Appendix D 
Design calculations for gas mixing device
Rated power of LPW diesel engine 13.4 kW
Cubic capacity 930 cm^
Rated speed N 3000 rev/min
Volumetric efficiency n 85 %
Manifold diameter d 55 mm
Diesel substitution 80 %
Gas calorific value 37.3 MJ/m^
Velocity of gas at nozzle Cg (15) 20 m/s
Step 1. Volumetric air intake, Wak (4-stroke engine)
Vair =ny^iV,N/2
= 0.85 X 930 X 10-6 X 3000/2 mVmin 
= 1.1857 m^/min 
= 0.01976 mVs
Step 2. Cross-sectional area of intake
Ai = 3.142 xd2/4
= 3.142x0.0552/4 
= 2.376 X 10-3 m2
Step 3. Intake velocity, Q
Q  =vyAi
= 8.317 m/s
Step 4. Specific gaseous fuel consumption m3/kWh
Diesel consumption (min) at rated power (13.4kW) 
and rated engine speed, 3000 rev/min = 3.457 kg/h
For 80% diesel substitution =0.8 x 3.457 kg/h
Calorific value of diesel = 42.3 MJ/kg
M K Makkar.  ^PhD Thesis. April 1997.
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Heating content for 80% diesel = 28394.4 kcal/h 
Higher calorific value for Natural gas = 37.3 MJ/m^
= 9053 kcal/m3
Specific gaseous fuel consumption =3.136 m^/h 
(for 80% diesel substitution)
Specific gaseous fuel consumption = 0.2340 m^/kWh
Step 5. Volume flow of gaseous fuel at rated power
Fc = sfc X P
= 0.2340 X 13.4 
= 3.1356 m3/h 
= 8.71 X 10-^  m3/s
Step 6. Cross-sectional area A„ & dia d„ of nozzle
Ag = F^Cg
= 0.000871/20 
= 4.355 X 10'  ^m2
dg = (4 Ag/3.142)0-5
= 7.447 X 10'3 m 
= 7.45 mm
M K Makkar. PhD Thesis. April 1997.
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Appendix E
Specification of instruments used
Shaft encoder
The encoder used was a digital shaft encoder with the following specifications:
Type DE 1053 +V
Serial No. 5809
Pulses/ rev 360 + Marker
Max. speed 5000 rev/min
Temperature range -10to+70°C
Supplier Digitech Instruments Ltd.
Pressure transducer
Type 6123A1
Attributes (i) various applications including arduous engine operation 
close to knocking;
(ii) long periods of measurements
(iii) uncooled operation
Technical data Range 0 to 200 bar 
Operating temperature -50 to 350°C
Supplier Kistler Instruments Ltd. Whiteoaks, The Grove, Hatley 
Wintney, Hants, RG27 8RN.
Charge amplifier
Type 5007
Technical data Measuring range pC ±10-500 000 
Transducer sensitivity pC/MU 0.1-11000
General data Temperature range °C 0 -5 0  
Supply voltage V 220/110±20%
Supplier Kistler Instruments Ltd.
Appendices ^61
Oscilloscope
Type Hameg HM 205-2
Supplier Paxton Instruments. 2 Letchworth Business Centre,
Avenue 1, Letchworth, Herts. SG6 2BB.
Graphic printer
Type Hameg HM 8148
Supplier Paxton Instruments
Automatic volumetric fuel gauge (used for gasoil)
Type SA130
Serial No. TE12/7332
Solenoid valve Concordia make
Fuel capacities 50 ml and 100 ml
Supplier Flint Engineers & Partners Ltd., Fishponds Road, Wokingham,
Berkshire, RGll 2QG.
Laboratory gas meter (used for natural gas and CO 2)
Maximum flow rate 2500 litre/hour
Maximum reading 1999.9 litre
Maximum operating pressure 80 mbar
Operating temperature range 0 - 35°C
Pressure loss less than 2 mbar at 2500 htre/hour
Battery life at least 100 hours with alkaline batteries
Supplier British Gas
Carbon monoxide and oxygen analysers
Series 1400
Supplier Servomax pic, Crowborough, East Sussex, TN6 3DU.
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EEL torque transducer
Series 
Serial No. 
Speed range 
Maximum load 
Sensitivity 
Supplier
2400
S2-E-27540 
8000 rev/min 
163 Nm 
2.181 mV/V
EEL Ltd, King's building, Castle Street, East Cowes, 
Isle of Wight P032 6RH.
RS-232 Strain gauge amplifier signal processor unit
Version
Supplier
SPUl
LCM Systems Ltd., Somerton Industrial Park, Cowes, 
Isle of Wight.
Gas safety system
Pressure switch 
Model
Adjustment range 
Supplier
LDQ/023045 
30 - 100 mbar
Black Teknigas, Bydand Lane, Little Paxton, Huntingdon, 
Cambridgeshire PE 19 4ES
Solenoid operated safety valve 
Type BC7901
Confirming to BS 5963
Supplier Black Teknigas.
n i . r \  *T*i •_  A  *7 7 f \ r \ ^
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Appendix F 
Main formulae and typical test sheets
2 jcNT
1 Brake power (kW) = ---------------
60 * 1000 
N - engine speed in rev/min, T - torque in Nm
vol (ml) * 0.835 * 3600
2 Gasoil flow rate (kg/h) =
. t (s) * 1000
vol (ml) - gasoil volume in ml, 0.835 is gasoil density, t - time in seconds, 
constants are for balancing the units
flow rate (kg/h)* LCV *1000 
3 Energy rate for gasoil (kW) = ----------
3600
flow rate as calculated in step 2; LCV - lower calorific value of gasoil
4 Energy rate for Natural Gas = flow (1/s) * calorific value (MJ/m )^ 
(kW) rate
brake power (kW) 
5 Overall efficiency =
total energy rate of gasoil and NG (kW) 
NO - natural gas
NG flow rate (1/s)
6 %NG in gas mixture = ----------------------------  ^1(X)
]SK]r(]/s) + (:():> (1/s)
The following pages illustrate some typical results of dual-fuel IDI and DI diesel 
engines at full load and part load and with a range of composition.
M K  Makknr. P h D T h ^ d c  7 0 0 7
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Appendix G
Combustion and Cycle Analysis
In this section the main focus is on :
• finding equivalence ratios
• producing heat release diagrams
for the following (3 for EDI and 3 for DI) cases :
• gasoil only
• gasoil + maximum natural gas substitution
• gasoil + maximum natural gas substitution for one NG : CO2 mixture
Combustion Analysis
Say C0% = P, O2 % = Q, Gasoil kg/h = R , Natural Gas m^/h = S
The general balanced chemical equation is as follows:
R [ 0.86/12 C + 0.14 H ] + 1/22.4 S CH, + A [ 0.21 O2 + 0.79 N2 ]
4
XCaCOj + PCO + QOj + ( 1 0 0 - a - P - Q ) N J  + YH 20  
[ 0.072 R + 0.045 S ] C + [ 0.14 R + 0.18 S ] H + A [ 0.21 + 0.79 ]
4
X [ a COj + P CO + Q O2 + ( 100 - a - P - Q ) N2 ] + Y H^G
• Hydrogen balance leads to
0.14R + 0.18S = 2 Y 
or Y = 0.5 [0.14 R + 0.18 S ]  (1)
•  Carbon balance leads to
0.072 R + 0.045 S = X [ a + P ]  (2)
• Oxygen balance leads to
0.42A = X [ 2 a  + P + 2 Q ]  + Y
0.42A-Y = X [ 2 a  + P + 2 Q ]   (3)
• Nitrogen balance leads to
1.58 A = 2 X [  1 0 0 - a - P - Q ]   (4)
Dividing (4) by (2)
1.58 A 2 [ 1 0 0 - a - P - Q ]
0.072 R + 0.045 S a + P
M K  Makkar. PhD Thesis. April 1997.
Appendices 171
A =
2 [  1 0 0 - a - P - Q ]  [0.072R + 0.045S]
1.58 [a  + P ]
Dividing (2) by (3)
0.072 R + 0.045 S a + P
0.42 A -Y  2 a  + P + 2 Q
[ 0.072 R + 0.045 S ] [ 2 a + P + 2 Q] + Y [a  + P ] 
0.42[a + P]
(5)
Therefore A =
(6)
From (5) and (6)
[ 0.072 R + 0.045 S ] [ 0.532 ( 1 0 0 - P - Q ) - P - 2 Q ] - Y P  
2.532 [ 0.072 R + 0.045 S ] + Y
a =
(7)
IDI engine performance data needed for the above calculations ( @ 2800 rev/min and 40 Nm) is 
given in the following Table:
Case
N o.
Description CO %
(P)
o^%
(Q)
G asoil 
kg/h (R)
N atural 
Gas 
nP/h (S)
1 Gasoil only 0.03 6.5 3.38 0
2 Gasoil + 0.39 6.1 1.41 2.124
3 Gasoil + 
NG: CO, (1:1)
0.34 5.5 1.53 2.084
DI engine performance data needed for the above calculations ( @ 2800 rev/min and 40 
Nm) is given in the following Table:
Case
N o .
Description CO % 
(P)
O, % 
(Q)
G asoil 
kg/h (R)
N atural 
G as 
nP/h (S)
4 Gasoil only 0.07 9.5 2.76 0
5 Gasoll + NG„3, 0.26 10.4 0.59 2.97
6 Gasoil + 
NG: CO, (1:1)
0.27 9.2 0.76 2.87
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Using the values of P, Q, R and S for the above 6 cases and employing equations (1) 
to (7), the following constants could be determined :
Case No. Y a X A kmol/h
1 0.2366 10.46 0.0232 2.438
2 0.2899 9.14 0.0207 2.211
3 0.2947 9.621 0.0205 2.194
4 0.1932 8.267 0.0238 2.475
5 0.3086 6.072 0.0278 2.930
6 0.3115 6.870 0.0258 2.732
For stoichiometric air calculations the general balanced equation is as follows: 
[ 0.072 R + 0.045 S ]C + [ 0.14 R + 0.18 S ]H + A' [ 0.21 + 0.79 ]
[ 0.72 R + 0.045 S ] CO2 + 0.5 [ 0.14 R + 0.18 S ]H20 + ----- N,
Oxygen balance leads to
2 [ 0.072 R + 0.045 S ]+  0.5 [ 0.14 R + 0.18 ]
0.42
A' =
(8)
where A' stands for stoichiometric air quantity in kmol/h
Using equation (8) and the above Table, the following variables could be determined:
Case A A ’ Equivalence Ratio
0
Excess Air %
1 2.438 1.722 0.71 42
2 2.211 1.629 0.74 36
3 2.194 1.673 0.76 31
4 2.475 1.406 0.57 76
5 2.930 1.573 0.54 86
6 2.732 1.617 0.59 69
Discussion
In the IDI engine ( @ 2800 rev/min and 40 Nm) excess air decreases from 42% to 
36% for maximum NG substitution (55%) and decreases further to 31% for gas 
mixture NG:C02 (I-I) 1^ die same NG substitution level. Corresponding to these
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changes in excess air, equivalence ratio increases from 0.71 to 0.74 for maximum NG 
substitution and further up to 0.76 for gas mixture.
In the DI engine ( @ 2800 rev/min and 40 Nm) excess air increases from 76% to 86% 
for maximum NG substitution (80%) and decreases to 69% for gas mixture NGiCO^ 
(1:1) at the same NG substitution level. Corresponding to these changes in excess air 
equivalence ratio decreases from 0.57 to 0.54 for maximum NG substitution and then 
increases upto 0.59 for gas mixture. The same pattern is found at all the NG 
substitution levels and even at the part loads at 2800 rev/min. But at 2000 rev/min the 
pattern is similar to IDI engine i.e. equivalence ratio increasing with NG and gas 
mixture and excess air decreasing with NG and gas mixture.
M K Makkar. PhD Thesis. April 1997.
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Cycle Analysis
Heat release diagrams: theory and assumptions
The system is assumed to contain a homogeneous mass of semi-perfect gases in 
thermodynamic equilibrium. The system is analysed only for the closed cycle period
i.e. from IVC to EVO. The thermodynamic state of the system is governed by the 
following :
• the first law of thermodynamics 
the continuity equation 
the equation of state for the working medium 
an expression for the properties of the working fluid
In addition, the information about the instantaneous cyhnder volume, effective area of
inlet and exhaust valves, the heat transfer coefficients on gas side and coolant side,
wall temperature and information about the delay period and pressure-time history is
required to carry out the rate of heat release (RHR) calculations. Further for dual-fuel
mode, the energy equivalent of the gas mixture is considered in addition to the energy
contributed by the gasoil as mentioned in stoichiometric calculations.
The general energy equation applied to a quasi-steady control volume is given by
(neglecting changes in kinetic and potential energies):
dQj dV d dnij
Y   - p —  = ------- (m.u) - Z  hj -----  (9)
i dt dt dt j dt
For a closed system, all the components related to flow term and mass continuity will 
be deleted. As mass remains constant, the continuity equation is:
dm dnij
—  = Z ------  = 0  (10)
dt i dt
Equation of state is:
pV=mRT  (11)
or p = mRT/V  (12)
Further, assuming the internal energy of thé working gases to be a function of 
temperature and composition only (neglecting dissociation effects)
M K Makkar. PhD Thesis. April 1997.
Appendices 17 5
du du dT 5u dF 
dt dT dt ÔF dt 
dT du dF
= Cy  + ----- .    (13)
dt 5F dt
d du dm
Also ----  (m.u) = m   + u -----
dt dt dt
which on substitution from equations (10) and (13) becomes
d dT du dF
(m.u) — m ( Cy  + ---- . ------ )  ( 14)
dt dt 5F dt
From (9), (10) and (14) after re-arranging we get
dT 1 dQj RT dV
= [  Z   - --- .   ] / Cy  (15)
dO m i dO V dO
The term Z  dQ; / dO comprises two parts: 
i
• rate of apparent heat addition equivalent to combustion of fuel, i.e. dQ  ^/ dO
• rate of heat transfer to the cylinder walls, comprising various component 
surfaces i.e. Z dQ j^ / dO
i
Thus equation (15) becomes
dT 1 dQb dQ j^ RT dV
= [ ---  { ----  - Z  ------ } -------.  ] / Cy  (16)
dO m dO i dO V dO
Differentiating the equation of state with respect to crank angle and with the 
assumption of constant mass during the step interval, the rate of change of pressure 
becomes:
dp R dT p dV
dO V dO V dO
From (16) and (17) heat release rate (dQy/dG) can be determined in terms of the rate of 
change of pressure:
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dQb Cy.V dP dQ^ dV pCy dV
de R de de de r  de
 (18)
Further, the composition of the working gases is defined as:
F=  . 5 .
where m^  and n \  are the respective masses of fuel and air.
During the period CFVC to CIGN, there is no change in composition, i.e. 
dF
—  = 0  (19)
de
But, during the combustion period, there is variation of fuel mass while the air mass 
remains constant, ie:
dF 1 drUf
—  =  —  .    (20)
dO m  ^ dO
where dm /^dO is the rate of fuel burnt.
The instantaneous cylinder volume is given by
Vc = V^ i + Ap. S/2 [ 1 + x„ + cos e - {x/ - sin^e } ]  (21)
where V^ , is the clearance volume, A^  is the area of cross-section of piston.
dVj. S cos e 71
  = Ap. — sin e [{  1 }]-----  (22)
dO 2 (x/ -s in^e)°^  180
Heat transfer equations given by Woschni (53) are used:
h = 0.82 D^^ p°  ^ W®-® kW/m^K
W = C, + C2 { (V, .T;J (p - p j  / (Piy,. Vjy, ) }
Woschni constants:
Cj = 2.28 (compression and expansion)
Cj = 3.24x10'^ (during heat release phase)
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The empirical formula developed by Hardenberg and Hase (54) for predicting the 
duration of ignition delay period gives:
Tau.j (CA) = (0.36 + 0.22 S^ ) exp [ EA ( 1 / RT - 1 / 17190 ) ( 21.2 / p - 12.4 )""' ] 
where Sp is the mean piston speed; R’ is the universal gas constant; EA is the 
apparent activation energy
EA = 618,840 / (CN + 25) where CN is fuel cetane number
Model for gas properties
Fifth order polynomial relations proposed by Chappell and Cockshutt (55) have 
been used to calculate the thermodynamic properties of the working gases. These 
polynomials assume that the working medium is a mixture of dry air and products of 
combustion. The standard fuel employed has 8 6 % C and 14% H. With this 
assumption, numerical values of molecular mass and the gas constant for products of 
combustion become nearly equal to those of dry air. The expressions are accurately
apphcable over a temperature range of 200-2200”K in the form of two sets of 
equations:
one for the temperature range of 200-800°K and the other for 800-2200°K.
The specific data for dry air is given in the form,
CPa = C, +C,T + Q T ' + C3T' + C , r  +  (23)
Then, the enthalpy of the air is given by 
T
h. = JCp^dT = C J  +C,TV2 + CjTV3 + CjT'M + Q T %  + C T ^/6 
0 + CH
 (24)
where CH is the constant of integration.
The effect of combustion and variation of composition of mixture has been taken into 
account in the form of a correction factor H'. Thus the properties of the mixture can 
be expressed as:
C^= + F/(l+F)H'cp  (25)
H = H. + F/(1+F)H'„  (26)
where F is the fuel/air ratio and H' functions are correction factors, determined as:
H'cp = ( ( l + F J / F j ( C , , - C , J   (27)
H'„ = { ( 1 + F J / F J ( H . - H J   (28)
In the above expressions Cp„ F, and H, refer to the values of stoichiometric 
combustion.
The collection factors are themselves represented as fifth order polynomials in 
temperature, thus;
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H'cp = CP, + CP,T + CP^ T" + CP3 T' + C P ,r  + CP3 T"
 (29)
H'h = CH, + CH,T + CH^T" + CH3T' + C H J" + CH^T^
 (30)
Knowing Cp, H and R, the other properties required for calculations can be obtained, 
eg:
c .  = C , . R --------(31)
k = C / C , --------(32)
u = H - RT --------(33)
5u d 1
= ----- ( H - RT ) = ---------- H'h --------(34)
5F dF (1+F)^
Discussion
Using data already in the thesis on pressure versus crank angle and on air & fuel flow 
rates and engine specifications, a FORTRAN program, based upon the above theory 
and assumptions, was employed to produce heat release diagrams. Diagrams for the 
IDI engine for all the three cases are shown in the first figure following while the three 
cases for the DI engine are shown in the second figure.
In the IDI dual-fiiel engine at 2800 rev/min and 40 Nm, the sharp increase in the rate 
of heat release was obtained with maximum NG substitution as compared with gasoil 
only. For CO  ^in the gas mixture NG:C02  (k  1) the rate of combustion is affected so 
the fall in the heat release diagram was observed for the gas mixture. This trend 
matches with the trend of the pressure behaviour obtained earlier through the data 
acquisition system.
In the DI dual-fiiel engine at 2800 rev/min and 40 Nm, the heat release rate with NG 
substitution is not as rapid as with gasoil only and is affected further with CO2 in the 
gas mixture. This trend also matches with the trend of behaviour obtained earlier.
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Heat Release Rate in EDI Dual-Fuel Diesel Engine 
at 2800 rev/min and 40 Nm
120
gasoil only 
gasoil+NG 
gasoil+gas
<  100
S  80
40 -
-15 -5 15 25 35 45 55 65 75 855
Crank Angle - deg
Heat Release Rate in DI Dual-Fuel Diesel Engine 
at 2800 rev/min and 40 Nm
120
— gasoil only
- -  gasoil+NG 
--gasoil+gas
<  100 -  
S  80 -
40 -
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Additional Conclusions from the Analysis
• Equivalence ratio for NG substitution increases in IDI engine while it decreases in 
DI engine at 2800 rev/min and 40 Nm. It increases in both the engines at 2000 
rev/min and 40 Nm.
• A more rapid rate of heat release is observed in the IDI engine for gasoil + NG 
substitution when compared with gasoil only operation but, in the DI engine, the 
gasoil only mode gives rapid heat release. Similar heat release patterns are 
obtained for the gas mixture in both IDI and DI engines.
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